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Preface 


Dendrochronology and wood anatomy developed for decades as two independent 
scientific fields. Only the last decade made clear that the dimension of time is the 
fourth dimension for both sciences and demonstrated that wood anatomy and den- 
drochronology are perfect partners. 

High demands are put on a today’s wood scientists. Apart from being able to use 
electronic equipment to measure a variety of chemical, physical and mechanical pa- 
rameters, they also have to demonstrate some knowledge in plant classification, ecol- 
ogy and plant anatomy, in order to understand effects of environmental conditions over 
a long period of time on wood characteristics. A dendrochronologist without any ana- 
tomical and botanical background will never understand the life of a tree. 

The main aim of this book is to show the hidden ecological richness in stems and 
roots from trees, shrubs and herbs. The aim of this book is to encourage researchers to 
consider the anatomic microcosm of wood plants and use it as a retrospective source 
of information, solving problems related to ecophysiology, competition, site condi- 
tions, population biology, earth science, wood quality and even human history. 

With this book I want to express my adoration for my teachers and the researchers 
of the nineteenth and early twentieth centuries. I admire the excellent observer Du- 
hamel du Monceau, who in 1738 discovered the process of secondary thickening, also 
A. de Bary, a master of representing facts in excellent scientific drawings, who, in 1877, 
summarized the knowledge of plant organs of vegetative reproduction, and the found- 
ers of dendroecology, Robert and Theodor Hartig. With their excellent volumes The 
Vascular Cambium and Compression Wood, Philipp Larson and Tore Timell, respec- 
tively, have given us access to a rich source of wood anatomic-ecological studies, pub- 
lished in different languages, over the last 150 years. Personally, I have great respect 
for my father, who, with his homemade microscope, aroused my interest and passion 
in the microcosm. Fritz Schuler, one of my teachers, gave me private lessons in basic 
microscopic techniques. The mental attitude of Bruno Huber guided me because, in 
his scientific understanding, time, structure and physiological processes were always 
considered equal partners. In 1963, Huber and the archaeologist Hans-Jiirgen Miller- 
Beck encouraged me to work on the anatomy of prehistoric wood. 

The Swiss Federal Research Institute for Forest, Snow and Landscape has supplied 
me with the material basis. Scientific weaknesses were pointed out to me by Pieter 
Baas, Joseph Bauch, Achim Brauning, Katarina Cufar, Dieter Eckstein, Wolfgang 
Gindl, Nino Kuhn, Hubertus Leuschner, Janina Polomski, Olaf Schmidt and Rupert 
Wimmer. Special thanks go to Christa Backmeroff, who translated the German ver- 
sion into English and asked many critical questions. Unnamed are many master and 
doctoral students, mainly from the University of Basel, who provided valuable mate- 
rial. It is also impossible to name the many technicians who stained the sections and 
prepared them for preservation. The Swiss National Science Foundation supported 
many projects over 25 years. 


Birmensdorf, December 2006 Fritz Schweingruber 


CHAPTER 1 


1. Introduction 


The present book is a short and updated version of 
Dendrodkologische Holzanatomie (Schweingruber 
2001). 

This richly illustrated book puts the anatomic and 
morphological characteristics of trees, shrubs, dwarf 
shrubs and perennial herbaceous plants into an eco- 
logical context. Emphasis is placed on the specific re- 
action of coniferous and deciduous plant wood to in- 
juries, site condition changes, defoliation, lack of light, 
stress due to cold or drought, extreme living condi- 
tions and competition. From this point of view, what 
were formerly considered Holzfehler (Cormio 1949; 
Knuchel 1934) — i.e., defects or flaws in the wood — and 

“fantastic trees” (Menninger 1967) should be accepted 
as adoptions and reactions to stress. 

It is my aim to present every part of woody plants, 
growing under different site conditions: from their 
roots to the tips of their twigs, and from seedling to 
adult and decaying wood, with the aid of a light mi- 
croscope, where possible using original samples. I 
should like to refer in particular to Chaps. 3, 6 and 8, 
where anatomic structures are described without ref- 
erence to their causes. My work differs from that of 
Larson (1994) in that I have included a temporal and 
ecological context. Whenever possible, I have indi- 
cated the scientific and bibliographic background by 
citing “Larson (1994)” 

The main scientific emphasis of this book is an al- 
ternative view on plant anatomy. This subject covers 
the anatomic differences of the wood in plants belong- 
ing to different genetic units. However, this research 
has been dealing almost exclusively with the “normal” 
wood of the trunk, although this represents only a 
small portion of a large variety of plant forms. Con- 
sidering something as “normal” reflects a typically 
human, anthropocentric point of view. We consider 
the wood structure in the main axis of the tree as 
normal, which has not been exposed to any extreme 
influence and has successfully survived a selection 
process of many years’ duration. From an ecological 
point of view, the term “normal” does not exist: every 
anatomic structure represents an adaptation of a per- 
fectly functioning organism. An example is the struc- 


ture of dwarfed individuals, as described in Sect. 5.4, 
which have grown under insufficient light conditions 
but nevertheless manage to survive and maintain the 
stand or growth forms responding to mechanical and 
biological stress. 

Another important scientific background of this 
book is dendrochronology. This aims to attribute 
a calendar date to any annual ring, thereby putting 
events into a temporal sequence. The viewpoint of to- 
day’s dendrochronological research is, however, rather 
narrow, as probably over 95% of all published work 
merely interprets tree-ring widths. Irregularities, such 
as abrupt growth changes, and intra-annual charac- 
teristics, such as callus tissue and changes in tree-ring 
density, are considered “special characteristics.” This 
term reflects a kind of technological backwardness. 
By using modern instruments capable of analyzing 
these structures visually, today’s research is able to 
transform them into excellent sources of information. 
It was a seemingly unimportant tool, Pressler’s incre- 
ment borer (Pressler 1866, 1883), which made the sci- 
ence of dendrochronology possible (Fig. 1.1). 


A Fig.1.1. Increment borer developed by Max R. Pressler 


(Pressler 1866). “The increment borer and its use, as now re- 
commended by its inventor.” (Pressler 1866) 


2 Introduction 


Finally, an important scientific background lies in 
the study of ecological conditions. Using phytosocio- 
logical, pedological and geophysical methods, we can 
classify and describe in great detail vegetation units 
covering several square meters, or the whole earth. 
Strangely enough, there is little information on site 
condition changes with time, or on the modifying ef- 
fect that climate and weather have on individuals and 
on their anatomic structure. 

For any dendroecological—-anatomical research, it 
is beneficial to consult old publications because con- 
siderable knowledge in this field already existed by 
the end of the nineteenth century (Schmucker and 
Linnemann 1951). 

This book deals with a wide range of topics: the lit- 
erature cited is by no means complete. I refer to Fink 
(1999) for a more extensive bibliography and to the bib- 
liography from Henry Grissino-Mayer (Kaennel and 
Grissino-Mayer 2004; http://www01.wsl.ch/dendrobib- 
lio) In many cases, the situation might be seen differ- 
ently from what I have observed, and many character- 
istics are certainly not mentioned at all. It was never my 
intention to compile a book that covers every aspect, 
and I would never have succeeded in writing one. Cell 
biological and physiological aspects of anatomic struc- 
tures as well as the xylogenesis are therefore not covered. 
I particularly refer the reader to Aloni (1995), Buvat 
(1989), Chaffey (2002) Fergus et al. (1969, ), Fergus and 
Goring (1970), Fink (1999), Larson (1994), Philipson 
et al. (1971), Roberts et al. (1988), Savidge (1996) and 
Zimmermann and Brown (1971). With this volume I 
wish to demonstrate the incredible potential structural 
analyses offered to ecologists by pointing out some of 
the great structural variability present in nature. I have 
to admit it was impossible to treat all subjects with 
equal sample depth: some are based on particular stud- 
ies, many others refer only to individual examples. 

Tropical woody plants are not included since I never 
really dealt with the ecological, wood anatomical and 


dendrochronological problems present in tropical re- 

gions. Neither have the methods of sample prepara- 

tion and structural analyses for electron microscopy 
studies been described. 

The following listing contains important dendro- 
chronological topics still to be studied: 

e Ecophysiological research on woody plants, accom- 
panied by structural analyses from the root to the 
tip of the utmost twig 

¢ Comparative root/stem dendrochronology as one 
of the major neglected fields of research 

e Research on site conditions, with wood anatomy as 
an indicator of present and past environmental con- 
ditions, to determine limiting factors of growth and 
the dynamic processes inherent in plant communi- 
ties: e.g., analysis of the xylem of annual and peren- 
nial herbaceous plants, different growth forms 

¢ Biomechanics, which considers wood as a highly 
organized structure and not just as another “mate- 
rial” 

¢ Submicroscopic cell wall structures as related to en- 
vironmental factors 

¢ Phloem anatomy in relation to environmental fac- 
tors 

¢ Structural anatomic adaptation in every plant part, 
e.g., leaves, branches, bark, xylem and roots, in re- 
lation to given stress factors or climatic zones 

e Function of wood anatomic structures 

¢ Longevity of different cell types, observed micro- 
scopically, and the formation of woody tissues. 


It should not be taken for granted that in today’s 
science-based hi-tech world there is still a research 
area that can be exploited by using unsophisticated 
equipment. 

I wish to encourage wood anatomy teachers and 
instructors to take advantage of the many dendroeco- 
logical aspects that are present in wood anatomy. I am 
convinced this will see a great future. 


CHAPTER 2 


2 Preparation of Wood and Herb Samples 


for Microscopic Analysis 


Here I present rather simple but effective methods of 
wood preparation for the purpose of basic structural 
analyses, generally referring to the description in 
Schweingruber (1978). Various sources on the subject 
of microscopic techniques (e.g., Clark 1981; Chaffey 
2002; Gerlach 1984; Harms 1965; Schommer 1949), 
Schweingruber and Poschlod 2005) may also be con- 
sulted. 


2.1 
Labeling, Transport and Storage 


Thick plastic bags are suitable for transportation and 
final storage. Carefully washed samples can be con- 
served for longer periods in such bags in 40% ethanol 
or in any commercial alcohol, even whiskey or vodka. 
(Thin walled plastic bags should be avoided since they 
are alcohol-permeable.) 
Plants are labeled with a very soft pencil, e.g., Stab- 
ilo Aquarellable, on thick paper or plastic sheets. 
The following characteristics should be noted: 
¢ Latin name and its author 
¢ Part of the plant, e.g., rhizome, primary root-shoot 
transition, stem, twig 
¢ Life form and height of the plant, e.g., therophyte, 
hemicryptophyte, dwarf shrub, shrub, tree 
« Growth form, e.g., cushion plant, succulent 
¢ Phenological stage of the plant, stem deformations 
e Climatic zone, e.g., subarctic, semiarid 
¢ Site conditions, e.g., dry slope, wet meadow, windy 
ridge 
¢ Locality, region, country 
« Altitude, collection date 


2.2 
Sample Preparation for Microtome 
Sectioning 


For sectioning with the microtome, the samples are 
prepared depending on the size of the plants: approxi- 
mately 1-cm-long cubic sections are cut (transversal) 
or split (radial and tangential) from stems or other 


parts of plants. Hand saws without set teeth are prefer- 
able (e.g., German Wolf, Japanese ARS or Swiss Felco 
saws). 

Green wood can be cut without prior softening. 
Splitting off a piece of the wood with bark often pre- 
vents extreme bark shrinking. From green wood with 
intact cambium and bark, and from the taproot of 
herbaceous plants, entire cross sections can often be 
obtained by dabbing the surface with absolute alcohol 
with a fine brush prior to cutting. (Alcohol hardens 
the tissue immediately.) Samples which are water-sat- 
urated and very soft are placed for 24h in solutions 
of 30, 60 and 100%t poly(ethylene glycol) 4000 and 
kept in an oven. Before cutting, we glue a little strip of 
Scotch tape on the surface. Doing so, the thin section 
remains complete. 

Dry, medium-hard wood samples are softened by 
lightly boiling them for between 5 and 10 min. As 
written identification marks (made by pencil or non- 
waterproof felt-tip pen) often disappear during boil- 
ing, the samples may be popped into ladies’ stock- 
ings, separated from each other by knots, like a row 
of sausages. The order of the knots must be written 
down. 

Dry and very hard wood samples can be cut after 
boiling them for several hours in a pressure cooker. 
They can be softened by keeping them in a 1:10 solu- 
tion of glycerine and water for several days. 

Dry, soft wood samples, such as Norway spruce 
with expressed narrow annual rings, should be put 
into warm water for several minutes prior to cutting. 


2.3 
Sample Preparation for Episcopic 
Microscopic Examination 


Cross sections of wooden samples are first planed with 
a knife, a razor blade or they are just polished with 
sandpaper to prepare them for microscopic examina- 
tion. The samples are then embedded in grafting wax 
as shown in Fig. 2.1. 

Under the stereoscopic microscope, ring boundar- 
ies may be seen clearly without any additional treat- 
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A Fig. 2.1. One-centimeter-long root collars embedded in 
grafting wax. Petri dishes with covers are well suited for storage 
and transportation 


ment. Tree-ring structures in brownish wood may 
show better contrast by rubbing chalk into the pores. 
Ring-structure visibility in very bright wood with big- 
ger pores may be improved by staining the surface 
with a green or red permanent marker and also by 
rubbing chalk into the pores. Alternatively, ring vis- 
ibility may be improved by staining the surface with 
safranin and cutting away the surface for half a mil- 
limeter. Improvements of ring boundary visibility are 
feasible when differential absorption of stain in early- 
wood and latewood takes place as a result of differing 
penetration depth below the stem surface (Iseli and 
Schweingruber 1989). 

On the root collars of perennial herbaceous plants, 
the annual ring boundaries are usually visible on dry 
surfaces. Rings become occasionally pronounced 
when damp surfaces are treated with chlorine, zinc, 
iodine or phloroglucin (Schweingruber and Dietz 
2001). When a relatively thick section immersed in 
water or glycerine is placed on a dark surface, and sub- 
jected to bright, reflected light (lamp, sunlight), and 
observed under a stereoscopic microscope with x20 
to x40 magnification, the ring boundaries become vis- 
ible that would be otherwise hard to identify on mi- 
crosection. 

Charcoal samples are analyzed under reflected light 
using a stereoscopic microscope with magnifications 
up to x100 or under an episcopic microscope. All rel- 
evant characteristics can be observed on the fractured 
surface. Small charcoal pieces should be held between 
thumb and forefinger, and a protruding bit can be bro- 
ken off sideways with the thumb of the other hand. In 
this way, a smooth fractured surface and can be exam- 
ined more easily. Using a scalpel, one can create radial 
or tangential fractures. Characteristics along longitu- 


dinal fractures include wood rays, perforations or spi- 

ral thickenings. These can be securely identified with 

an episcopic microscope or a stereoscopic microscope 

with high magnification (90:1). 

Fractured charcoal surfaces do not photograph well. 
Good photographs may, however, be obtained after 
having soaked the pieces in synthetic resin such as 
Technovit. 

Boundaries between heartwood and sapwood of 
unicolored coniferous specimens can be differentiated 
macroscopically by the following procedure: 

e Dip them into 45% perchloric acid for 1-3 s. After 
20 s, the heartwood appears greenish, whereas the 
sapwood turns light brown. 

¢ Spray the surface with a hydrochloric acid solution 
containing 0.4% alcoholic solution of 2,4-dinitro- 
phenylhydrazine. The sapwood will adopt a red-or- 
ange color (Sandermann et al. 1967). 


2.4 
Making Thin Sections 


Thin sections for microscopic inspection are success- 
fully prepared if the operator has a skilled and very 
steady hand. For high-quality sections, a sliding mi- 
crotome is mandatory. The best instrument for the 
purpose is a classic sliding microtome by Reichert- 
Jung. Well-sharpened knifes are a prerequisite for 
good sections (type C). The knife sharpener from 
Leica produces very sharp blades, but manual sharp- 
ening is possible with a cheap sharpening tool from 
EUROMEX. Disposal blades (available from Leica 
or paper knife blades NT) can be used for small soft 
samples. 

There are few basic rules with which even beginners 
may produce good results: set the microtome knife 
to a section thickness between 10 and 60 um (ring 
boundaries may be visible even on thick sections). 
Place a drop of absolute alcohol on the flat surface 
of the samples; lightly place a wetted aquarelle brush 
over the sample and slide the knife across. This proce- 
dure prevents the section curling. The knife should be 
angled in a way that at least one quarter of the blade 
is used when taking a section, and it also helps if the 
blade contact point is wetted. The section can be slid 
off the blade and placed on a wetted microscope slide 
using a brush. Before the section is covered by a cover 
slip, add glycerol as a mounting medium for temporal 
storage for hours or days. Samples need to be checked 
under the microscope for cracks in the section that 
might come from nicks in the cutting edge of the mi- 
crotome blade. 
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2.5 
Staining of Thin Sections for Permanent 
Slides 


Once the section has been placed on a slide, sample 
preparation procedures can start (Fig. 2.2). Liquids 
are dropped directly onto the section with pipettes 
while holding the slide at an oblique angle so that sur- 
plus liquid runs off into a container. Prior to staining 
remaining glycerol needs to be rinsed off with water. 

A naturally dark colored sample on a slide may be 
observed microscopically without previous staining. 

There are a number of alternative staining methods 
(Gerlach 1984). Commonly used products are astra 
blue (0.5 g astra blue and acetic or tartaric acid (2 g 
in 100 ml distilled water) and safranin (1 g in 100 ml 
distilled water). Astra blue is mixed with safranin in 
a ratio of 1:1 and a drop of the solution is placed on 
the section for 2-3 min. After this the sample is first 
washed several times with 95% alcohol until it runs 
clear, followed by rinsing with absolute alcohol to de- 
hydrate the section. Staining makes unlignified cells 
appear blue, whereas lignified cells turn red. Gelati- 
nous fibers in tension wood also appear blue as lignifi- 
cation is at its minimum.. 

As mentioned before, dehydration can be achieved 
with absolute alcohol. The very hydrophilic absolute 
alcohol is replaced with 95% alcohol mixed with 5% 
2,2-dimethoxypropane (Fluka). The slide is rinsed 
several times with alcohol and then a drop of xylol is 
placed on the section to test for the presence of water. 
Dehydration is incomplete if the xylol turns milky, 
indicating that additional absolute alcohol washing is 
required. When xylol runs clear on the slide, a small 
drop of Canada balsam is placed in the center of the 
section and a cover slip pressed on top. In my experi- 
ence Canada balsam is the best and most permanent 
embedding resin. To prevent the thin section from 
buckling, which makes examination difficult, the slide 
with the cover slip is sandwiched between PVC strips 
with two small magnets placed on either side to keep 
the sandwich together and air bubbles out during 
drying in an oven (Fig. 2.3). The oven is set at 60°C 
for 12h. After drying, any hard resin remaining 
outside the cover slip can be scraped off with razor 
blades. 


2.6 
Preparation of Impermanent Slides 


A mixture of 2% phloroglucin, 96% alcohol and 10% 
hydrochloric acid is dropped onto the section for 20 s. 
All lignified tissues will appear red. 


Species containing a lot of slime (mucilage) or 
starch are difficult to examine. In such cases the sec- 
tion is first soaked in a drop of bleach (calcium hypo- 
chlorite, CaO2Cl, = Eau de Javelle) for 5-10 min to de- 
teriorate remaining protopast, e.g., nuclei and starch. 
The section is then rinsed with water until the smell 
of bleach has disappeared, after which it is ready for 
staining and dehydration. 


2.7 
Microscopic Observation 
and Photography 


Microscopes with objective magnifications of x2, x4, 
x10, x20, x40 and x90 (for charcoal) are all well suited 
for observations. Cells with and without secondary 
walls can be distinguished under polarized light. All 
cells with secondary walls appear bright, whereas all 
others remain dark. Ring boundaries appear mostly 
distinct when polarized light is used. 

We use commercial laboratory microscopes with 
digital equipment. Dark green filters enhance pale tis- 
sues for black-and-white photographs. 


A Fig. 2.3. Microscope slides between two plastic strips loaded 


with magnets on an iron plate. From Schweingruber and Po- 
schold 2005 


CHAPTER 3 


3 Growth Zones and Stems in Relation 
to Genetic Ecological Factors 


Bosshard (1974) summarizes the complexity of tree- 
ring formation in one sentence, “Radial growth is a 
recurrent phenomenon and its variability is difficult 
to understand; the growth process is determined by 
internal and external factors which support species- 
specific behaviour and its adaptability to the environ- 
ment (and the plant’s shape).” 

Here we deal with genetic predisposition and its 
flexibility, modifying influences and time. A plant may 
use four basic mechanisms for the morphological real- 
ization of ecophysiological processes: 

1. During cell formation, the number of cells per 
growth zone is determined. 

2. During cell differentiation, the cell’s function and 
shape are determined. 

3. During cell elongation, the now-specialized cells 
reach their final size and shape. 

4. During cell wall thickening, cell wall differentiation 
and lignification, the specialized cells obtain the 
stability required to deal with physiological and 
mechanical stresses. 


These processes are described in many textbooks. 
Clowes and Juniper (1968), as well as Haberlandt 
(1904), Buvat (1989) and Gartner (1995), concentrated 
on cell-specific reactions and Larson (1994) on tissue- 
specific reactions. Braun (1963) and Eschrich (1995) 
compared anatomical structures with functions. 

Generally speaking, the four processes affect plant 
morphology through the wood structure, more speci- 
fically, through the tree ring, as far as it responds to 
the annual astronomic cycle, or the growth zone 
when it cannot be assigned to a particular time period 
(Kaennel and Schweingruber 1995). 

The morphological variability of specialized cells, 
1.€., water-conducting, nutrient-storing, supporting or 
secretory cells, depends on ecophysiological processes 
that usually vary considerably in time. 

The anatomical structure of the xylem results from: 
e The degree of differentiation 
¢ Cell size and shape 
¢ The arrangement of the cells 


e Cell wall thickness, cell wall differentiation and 
lignification 


In the following, I shall put these types of reaction 
in relation to the tree's genetic identity, as well as to 
intra-annual, interannual and periodic variability. 

In conifer and deciduous trees, intra-annual and 
interannual anatomic heterogeneity are mainly based 
on the variability of shape of the fiber tissue elements 
and the cell wall thickness. This leads to phenomena 
such as earlywood and latewood, density fluctuations 
or false rings. 

In deciduous trees containing vessels, intra-an- 
nual and interannual heterogeneity are determined by 
recurrent pore, parenchyma and fiber bands. 

In the following text, the term “ground tissue” is of- 
ten used. This includes all fiberlike cells which, in cross 
section, cannot be definitely distinguished from axial 
parenchyma cells and vessels. In most cases, these 
are likely to be libriform fibers and/or tracheids. The 
terms “vessels” and “pores” are used synonymously. 

Short-term, extreme events that occur during the 
growth periods cause anomalies within tree rings or 
growth zones (intra-annual variability). Seasonal cli- 
mate changes, such as cold or dry periods in connec- 
tion with a variable diurnal cycle, are often expressed 
as tree rings (interannual variability), whereas chang- 
ing site conditions give rise to periodical structural 
changes of several years’ duration. Extreme events 
may lead to collapsed cells, the formation of traumatic 
tissue such as callus, secretory canals, reaction wood 
and phenological secretions. These phenomena are 
described in Chap. 8. 


3.1 
The Xylem As an Indicator 
of Genetic Identity 


Three types of wood anatomy have evolved from the 
evolutionary process (Wheeler and Baas 1991; Esau 
1977). 
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3.1.1 
Woody Plants Without Vessels 


All conifers (Coniferopsida), the Ginkgo (Ginkgop- 
sida), some plants belonging to Winteraceae and 
Trochodondraceae, as well as some other deciduous 
plants belong to this group. Conducting and support- 
ing functions are carried out by tracheids of different 
shapes, sizes and cell wall thickness. This vessel-free 
wood type succeeded in particular in the cool temper- 
ate regions of the northern hemisphere. 


3.1.2 
Woody Plants with Vessels 


In addition to their fiber/parenchyma tissue, all the 
species belonging to the Gnetaceae and the majority 
of dicotyledonous flowering plants (Dicotyledonae) 
contain vessels. With the development of vessels, an 
enormous structural variety arose, which enabled the 
colonization of virtually all habitats on earth. 


3.1.3 
Woody Plants with Vessels and Included Phloem 


In many Dicotyledonae families, plants with simple 
or successive cambium in the xylem have phloem en- 
closures in clusters or tangential bands (Pfeiffer 1926; 
Carlquist 1988). In most cases, it is unlikely that these 
are correlated to seasonal periods of growth (Fig. 3.10). 
The main areas of distribution are arid and tropical re- 
gions. 


3.2 
Intra-annual Anatomical Variations 


3.2.1 
Flat Ground Tissue Cells with Thick Cell Walls 


In conifers and various deciduous trees grown in 
a seasonal climate, there is an annual change from 
wide-lumened, thin-walled earlywood cells to nar- 
row-lumened, flat and thick-walled latewood cells. 
According to Larson (1960), in conifers this so-called 
earlywood to latewood transition is triggered by hor- 
mones (indole acetic acid). During the elongation of 
the long shoots, a high indole acetic acid level gives 
rise to wide-lumened earlywood cells. After shoot 
growth has ceased, narrow-lumened latewood cells 
are formed. The transition phase, which may be sud- 


den or continuous, is genetically and climatically de- 
termined; for example, Douglas fir and larch usually 
have sudden and Norway spruce continuous early- 
wood to latewood transitions. However, both Douglas 
fir and spruce may have sudden as well as continuous 
transitions (Fig. 3.16). 

Intra-annual, tangential and structural variations 
in the earlywood or latewood are caused by extreme, 
short-term climatic oscillations during the growing 
season. These do not normally occur in cool-humid 
regions (subalpine, boreal), they are occasionally 
found on dry sites in the cool-temperate zone, but 
they are very common in subtropical and arid regions. 
On the northern and upper timberlines, a short cold 
spell stops growth, whereas in warmer regions it slows 
down growth (density fluctuations) and causes struc- 
tural changes (Schweingruber 1980). 

The “false ring” phenomenon and intra-annual 
density fluctuations in conifers have been dealt with 
in particular in dendroecological and climatological 
studies (Schweingruber 1996; Villalba und Veblen 
1996; Brauning 1999; Wimmer und Strumia 1998), 
more rarely in anatomical research (Schweingruber 
1980). Density fluctuations in Coniferales, for example, 
in palaeozoic Dadoxylon (Cordaidopsida), would indi- 
cate short-term ecological variations, possibly season- 
ality (Jeffrey 1926). Density fluctuations in deciduous 
trees have never been the subject of dendroecological 
studies. 

Under low magnification, the tangential variable fi- 
ber/parenchyma tissue structures are seen as variously 
light-colored bands (Figs. 3.1-3.3). Depending on the 
position of the density fluctuation within the tree ring, 
the approximate point in time when an event occurred, 
such as a dry or cold period, may be determined 
(Schweingruber 1980; Wimmer et al. 2000; Fig. 3.3). 
Intra-annual density fluctuations (Fig. 3.4) occur in 
particular in individuals with fast radial growth, be- 
cause, when a limiting or favorable event occurs, there 
are always some cells in the differentiation phase. In 
tree-ring series with an annual increment under 
0.3 mm, intra-annual density fluctuations seem to be 
absent (Wimmer, personal communication). 

Density fluctuations can only be distinguished 
from tree-ring boundaries in plants growing in a cold- 
warm seasonal climate. However, a definite distinction 
between tree rings and growth zones is only obtained 
by cross-dating (Villalba and Veblen 1996). Tree-ring 
boundaries are characterized by a sudden change 
from strongly flattened tracheids with thick cell walls 
to larger, not flattened tracheids with thin cell walls 
(Fig. 3.4). In density fluctuations, the transition is, 
however, more or less fluent (Fig. 3.4). 
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< Fig. 3.1. Variability of flattened 
and thickened ground tissue fibers in 
conifers and deciduous wood. Under 


* 
Pa 


low magnification (less than 40:1), the 


si 


density fluctuations are evident because 
of the various light-colored tangential 
bands. All fluctuations have a gradual 
transition in common. 

a, b Conifers, 

c, d deciduous wood, 

a, c light fluctuations, 

b, d strong fluctuations. 


a Norway spruce, Picea abies, Pinaceae. 
Pot-grown plant watered irregularly 
during the growing season (25:1).b Scots 
pine, Pinus sylvestris, Pinaceae. Planta- 
tion tree in the northern Mediterranean. 
Piedmont, Italy (20:1). Growth slowed 
down because of summer drought. The 


late summer precipitation caused a small 
growth increment. ¢ Sonchus arboreus, 
Asteraceae. Shrub growing in the sub- 
tropical climate of Tenerife (30:1). Vari- 
able precipitation causes light density 
fluctuations. Pore size is not influenced. 
d Eucalyptus pauciflora, Myrtaceae. Up- 
per timberline tree in the Blue Moun- 
tains, New South Wales, Australia (30:1). 
A late summer drought (about February) 
and subsequent precipitation give rise to 
similar anatomical structures as in the 
conifer in b. 


< Fig. 3.2. Density fluctuations within 
the latewood, in the tree-ring series of a 
single conifer on a dune in the seasonal 
climate of northern Germany. As the wa- 
ter-retention capacity of the sandy soil is 
very limited, even a short-term drought 
causes density fluctuations. Scots pine, 
Pinus sylvestris, Pinaceae. Xanten, 
Germany (25:1). (From Schweingruber 
1980) 
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< Fig. 3.3. Density fluctuations within the first growth ring 
(1976) of deciduous seedlings grown in shallow soil on a south- 
facing site. The 1976 drought started temporary cell wall thick- 
ening of the ground tissue cells. Pore size was hardly affected 
by the radial growth reduction. Laurel, Laurus nobilis. Lucerne, 
Ticino, Switzerland (50:1) 


v Fig. 3.4. Intra-annual bands of flattened cells with dense cell 
walls (so-called density fluctuations) in conifers and deciduous 
trees. The transition from large to small, and thick-walled to 
thin-walled tracheids is fluent. 

a Cypress, Cupressus sempervirens, Cupressaceae. Cairns, Aus- 
tralia, tropical climate (100:1). Near small cells with thick walls, 
the number of parenchymatous, thin-walled cells is increased. 
b Hornbeam, Carpinus betulus hedge, Betulaceae. Birmensdorf, 
Switzerland (100:1). The density fluctuation is more evident 
because there are no vessels at the end of the growing season. 

c Sessile oak, Quercus petraea, Fagaceae. Cevio, Ticino, Switzer- 
land (80:1). Pollarded tree. Pollarding interrupts growth, which 
is seen in the formation of ground tissue cells (arrow), and it 
clearly separates the earlywood from the latewood 
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In tree-ring series of plants from arid and tropical 
regions, the distinction between tree-ring and density 
fluctuation is almost impossible (Fig. 3.5). Particularly 
in tropical woody plants, this distinction, and also 
species determination, is difficult or impossible, be- 
cause climatic, site-dependent and endogenous factors 
influence the distribution and proportion of specific 
cell types. Ergo and Dechamps (1984) showed that in 
Simarouba glauca the “typical” tangential parenchyma 
bands are often absent or take on a winglike shape. 

In subtropical species with intra-annual, recurrent 
growth bands, the distinction between tree-ring and 
density fluctuation is impossible (Fig. 3.6). 

Density fluctuations come about through cell elon- 
gation and cell wall growth (Fig. 3.7). In small, not 
thickened cells, the fluctuation is hardly visible under 
low magnification. When, however, the cell walls are 
thickened, no matter whether the tracheids are large 
or small, the fluctuation is easily recognizable. It can 
be assumed that cell wall growth is faster during ear- 
lywood formation than in the latewood phase. A den- 
sity fluctuation in the earlywood, therefore, reflects an 
event that occurred in a shorter time period than a 
similar fluctuation in the latewood. 


> Fig. 3.5. Density fluctuations in conifers of subtropical 
regions. Any distinction between tree rings and density fluctua- 
tions is impossible, and cannot even be achieved by cross-dat- 
ing. Species belonging to the Cupressaceae family rarely form 
such clearly demarcated growth zones as those of the Pinaceae 
family, for example. Cupressus sempervirens, Cupressaceae. 
Cairns, Australia, plantation (12.5:1). Note the very irregular 
distance between the fluctuations 


> Fig. 3.6. Density fluctuations in the wood of a tree from a 
subtropical region with a genetically determined alternation 
between fibers and parenchyma. The rhythm of the change 
and cell wall formation are influenced by variable endogenous 
ecological factors. Some bands are discontinuous (small, black 
arrows) and the intensity of cell wall thickening is variable. The 
cell walls of dense fiber bands (white arrow) are much thicker 
than those of light-colored ones (black arrow). Ficus sp., Mora- 
ceae. Rockhampton, Australia, cultivar (35:1) 
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Transition 


Diameters and 


tracheid wall thickness 


large 


fluent 


fluent 


abrupt 


abrupt 
fluent 


3.2.2 
Recurrent Change of Different Cell Types 
and Cell Sizes in Deciduous Trees 


Recurrent patterns of intra-annual zones are usually 
genetically determined and modified by environmen- 
tal factors. This was shown in particular by Mansour 
and Fay (1998). Oak seedlings (Quercus robur), grown 
under optimal laboratory conditions, produced new 
shoots every 26 days. This fact is positively correlated 
to the formation of intra-annual, structural variations. 
Similar intra-annual zones may be found in the entire 
range of dicotyledonous plants grown under natural 
environmental conditions. 

The following changes are possible: 
e Vessels/fiber tissue (Fig. 3.8) 
¢ Parenchyma/fiber tissue (Fig. 3.9) 
¢ Xylem/phloem (Fig. 3.10) 


It is rare that the changes occur regularly over a 
long time-period. Within and between the years, tan- 
gential bands become irregular or disappear altogether 
(Fig. 3.11). This is due to ecological and mechanical 
factors which can be intrinsic to the tree or exogenous. 


< Fig. 3.7. Relationship 
between the distinction of 
density fluctuations and cell 
size as well as cell wall thick- 
ness. Density fluctuations 

are particularly noticeable in 
cells with thick walls. Norway 
spruce, Picea abies, Pinaceae. 
Apical shoot of a plantation 
spruce. Birmensdorf, Switzer- 
land (20:1). (From Schwein- 
gruber 1980) 


< Fig. 3.8. Periodic change 
between vessels and ground 
tissue. Judas tree, Cercis 
siliquastrum, Fabaceae. Ti- 
cino, Switzerland (20:1). The 
tangential bands of vessels 
of the ring-porous wood are 
clearly seen and remain con- 
stant throughout the growing 
season. Vessel size decreases 
from the earlywood to the 
latewood 
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A Fig. 3.9. Change between parenchyma bands and ground tissue bands. a, b Taxa with wide parenchyma bands, c, d taxa with 
narrow parenchyma bands. a Ptilostigma thonningii, Caesalpiniaceae. (tropical climate) Mali (40:1). Abrupt change from thin- 
walled parenchyma bands to thick-walled libriform bands. b Maythenus dyandri, Celastraceae. Madeira, cultivar (40:1). Change 
from bands of thick-walled ground tissue cells with many pores to parenchyma bands with few pores. c Pedunculate oak, Quercus 
robur, Fagaceae. Birmensdorf, Switzerland, coppice shoot (juvenile wood) (40:1) 


< Fig. 3.10. Change between xylem 
bands and phloem bands. Species with 
successive cambium. Dicrastylis sp. 
Verbenaceae. Alice Springs, Australia 
(40:1). In this species, a new cambium 
is formed during the growing season. In 
the xylem (arrow), what seems to be a 
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tree-ring boundary can be seen 


> Fig. 3.11. Variable change between 
tangential bands and groups. Mountain 
elm, Ulmus glabra, Ulmaceae. Birmens- 
dorf, Switzerland, coppice shoot (20:1). 
Intra-annual and interannual changes 
between pore groups and tangential 


bands 
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3.2.3 
Periodic Storage of Cell Compounds 


During the inactivation of cells, especially during 
heartwood formation, crystals (Fig. 3.12a) and pheno- 
lic compounds (Fig. 3.12b) are stored along tangential 
rows. 


3.2.4 
Cell-Type-Specific Cell Wall Thickening 
and Lignification 


In the xylem of woody plants with limited resources 
in particular, wall thickening and lignification is a cell- 
specific process (Gindl et al. 2000). The thickening 
of vessel walls (Fig. 3.13) and parenchyma cell walls 
has priority. Once mechanical stability is assured, wall 
thickening of the ground tissue cells ceases. 

Tracheids of conifers are lignified to over 90% with 
guaiacyl. In deciduous trees, guaiacyl dominates in 
the vessels, whereas the fibers mainly contain syringyl 
(Fergus and Goring 1970). 


3.3 
Interannual Anatomical Variations 
(Tree-Ring Boundaries) 


This chapter deals with tree-ring boundaries. Tree- 
ring boundaries are caused by photoperiodical and 
extreme climatic fluctuations. Regions with cold win- 
ters, short days and reduced temperatures trigger a 
state of dormancy in woody plants, which is not even 
interrupted by mild winter days (Larcher 1994). Struc- 
tural fluctuations within the latewood are caused by 
changes in the weather conditions during the period 
prior to dormancy. 

The anatomy of tree-ring boundaries is determined 
by genetic predisposition as well as by ecological fac- 
tors. 


3.3.1 
Thick-Walled, Flat Fibers 


In most cases, the tree-ring boundary is characterized 
by flat fibers; their number and shape are often geneti- 


< Fig. 3.12. Intra-annual 
bands with deposits in 
ground tissue cells. a Crystals 
in irregular tangential bands 
in Casuarina litoralis, Casuar- 
inaceae. (arid climate) Cairns, 
Australia (80:1). b Phenolic 
compounds, particularly in 
the dense zones of Callitris 
preissii, Cupressaceae. Mel- 
bourne, Australia (80:1) 


> Fig. 3.13. Selective intra- 
annual cell wall thickening. 
Pollarded ash, Fraxinus excel- 
sior, Oleaceae. Birmensdorf, 
Switzerland (80:1). During 
the second year after crown 
removal, the vessel walls in 
the latewood thicken as usual, 
whereas the ground tissue 


cells do not thicken 
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cally determined (Fig. 3.14). Hence, tree-ring bound- 
aries of straight-stemmed, five-needled pines (Haplox- 
ylon group), which have not grown on very poor sites, 
have only a few flat latewood tracheids. Larches grown 
under similar conditions, on the other hand, dem- 
onstrate a wide latewood zone with thick-walled tra- 
cheids. Haploxylon pines yield, therefore, little infor- 
mation from densitometric profiles, whereas density 
profiles from larches are very useful for climatological 
studies. The number of latewood tracheids, however, 
changes more or less from year to year (Fig. 3.15). Re- 
duced variability is called “complacent,” whereas great 
variability is known as “sensitive” (Fig. 3.15). These 
terms refer to tree-ring width and the latewood zone, 
and in deciduous trees also to pore characteristics. 

Latewood variability depends on the number of 
cells and their wall thickness (Fig. 3.15). The transi- 
tion between earlywood and latewood is characteristic 
for species (Figs. 3.16b, c). 

Information from radiodensitometric profiles from 
species with a narrow latewood zones or not very vari- 
able latewood, especially species of Cupressaceae, the 
Haloxylon pines and most deciduous trees (Z’Graggen 
1991), is limited. 

In conifers with wide latewood zones, it would seem 
that the long late summer determines the intensity of 
cell wall thickening. All densitometric temperature re- 
constructions are based on this assumption (Briffa et 
al. 1998). 

The earlywood to latewood boundary can be deter- 
mined, and reproduced, even under low magnification 
(less than x10). Under high magnification, however, it 


is only clear visible in rings showing an abrupt transi- 
tion from earlywood to latewood (Figs. 3.16c). 

The earlywood to latewood boundary can also 
be determined on the basis of tracheid dimensions 
(Denne 1988). 

The following are definitions of the earlywood to 
latewood boundary: 
¢ Definition by Mork (1928): Tracheids whose dou- 

ble cell wall is thicker than half the radial lumen 

diameter are part of the latewood. 

¢ Definition by Timell (1986): Tracheids whose dou- 
ble cell wall is bigger than the lumen belong to the 
latewood. 

¢ Definition by Lenz et al. (1976): In X-ray densito- 
metry, the latewood boundary is considered a den- 
sity threshold which lies exactly halfway between 
maximal and minimal density. 


Although all these suggestions are technically cor- 
rect, they are, however, not very useful from an eco- 
logical and climatic point of view, because intra-an- 


v Fig. 3.14. Genetically determined variability of flattened 
ground tissue cells at the tree-ring boundaries of conifers (a, c) 
and deciduous wood (b,d). a,b Tree-ring boundaries with 
one to three rows of flattened cells. a Five-needled pine (Hal- 
oxylon type), Pinus flexilis, Pinaceae (20:1).b Rust-red alpine 
rose, Rhododendron ferrugineum, Ericaceae (160:1). c,d Tree- 
ring boundaries with several rows of cells, and cells with very 
thick walls. c Dahurian larch, Larix dahurica, Pinaceae (20:1). 
d Heather, Calluna vulgaris, Ericaceae (90:1) 
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< Fig. 3.15. Ecologically determined 
variability of tree-ring widths, latewood 
widths and latewood density in conifers: 
complacent and sensitive. 

a Little variation (complacent) in tree- 
ring width, latewood width and density. 
Juniperus excelsa, Cupressaceae (25:1). 
b Individual with great variation in 
latewood width and density (sensitive), 
but little variation of tree-ring width. 
(light rings and dark rings) Picea glauca, 
Pinaceae (20:1) 


v Fig. 3.16. Anatomical variability 

of flattened latewood cells. Transi- 

tion from earlywood to latewood: 

a, b continuous, c abrupt. a Low 
latewood density 0.5 g/cm3 at the 
tree-ring boundary. Engelmann spruce, 
Picea engelmannii, Pinaceae (160:1). 

b, c High latewood density 0.9 g/cm3 at 
the tree-ring boundary. b Silver fir, Abies 
alba, Pinaceae (160:1). ¢ European larch, 
Larix decidua, Pinaceae (400:1) 
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nual fluctuations, depending on their intensity, are 
variously considered as being part of the earlywood or 
the latewood. 


3.3.2 

Periodic Intra-annual Change Between Different 
Cell Types and Sizes in Deciduous 

Trees in Relation to Earlywood and Latewood 
Boundaries 


The taxa’s anatomical identity is largely based on the 
genetically determined order of the distribution and 
size of water-conducting and supporting elements. 
Their frequency (Fig. 3.17), size and arrangement 
(Fig. 3.18) are modified by ecological factors. Accord- 
ing to Larson (1964), the photoperiodic mechanism in 
seedlings is an essential factor. At least in regions with 
a variable diurnal pattern, the annual cycle of leaf pro- 


duction and subsequently tree-ring growth are thus 

determined. The influence of the day-length period 

on adult trees is not clear (Zimmermann and Brown 

1971). Further factors are described in Chaps. 5-9. 
The earlywood to latewood boundary is visible in 

all species whose marginal fiber tissue cells are flat- 

tened. The anatomically defined terms have, however, 

different ecological meanings: 

e In ring-porous species, the earlywood only con- 
tains the zone with big pores. This is formed within 
a few days or weeks when budbreak and the un- 
folding of leaves begin, therefore continuous time 
series analysis is meaningless by unknown date of 
budbreak. The latewood includes the zone up to the 
tree-ring boundary. 

¢ In diffuse-porous species, the earlywood makes up 
almost the entire ring that was formed over a pe- 
riod of several months. Only a very narrow zone 
with flat fibers can be considered as latewood. 


A Fig. 3.17. Ecologically determined variation of vessel size. Environmental factors influence ves- 
sel size in both ring-porous and diffuse-porous species. a Ring-porous species. With the great 
interannual variability present, the tree ring with very large earlywood pores (two arrows) and the 
one with very small pores (one arrow) are most noticeable. The causes of this variability are un- 
known. Note the latewood zones of different widths, the different pore distribution and the “false 
ring” in the center of the figure. Pedunculate oak, Quercus robur, Fagaceae. Ticino, Switzerland 
(30:1). b The row of small pores is an anatomical reaction to defoliation caused by fire. Acacia 


hottwittii. Darwin, Australia (50:1). ¢ Pore size diminishes considerably in the last ring. This tree 
was killed by lack of light, being shadowed by neighboring, densely leafed chestnuts. White pop- 
lar, Populus alba, Salicaceae. Piedmont, Italy (90:1) 
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A Fig. 3.18. Ecologically determined variability of vessel density. Vessel density is very variable in all species. a, b Gray alder, Alnus 
incana, Betulaceae. Riverbed, Ticino, Switzerland (140:1). a High pore density in the latewood. b Low pore density in the latewood. 
The variation in pore density is due to the river’s changing water level, i.e., the water supply of the tree. c High pore density in the 


latewood of the small ring (the dry summer of 1976). Common ash, Fraxinus excelsior, Oleaceae, growing on permeable river 
shingle. Ticino, Switzerland (20:1) 


> Fig. 3.19. Ecologically determined variability of thin-walled 
conducting and storage cells and thick-walled ground tissue 
cells. Sudden reduction in thick-walled fibers. In the following 
tree rings, bands of thick-walled fibers are repeatedly formed 
in the latewood. The shape of the vessel bands and clusters is, 
however, very variable. Gleditsia triacanthos, Fabaceae. Botani- 
cal Garden, Basle, Switzerland (20:1). The sudden structural 
change occurred after branch-lopping. 


e On an anatomical basis, for different species and 
tree rings, very different earlywood/latewood zones 


could be defined. According to Z’Graggen (1991), a 
the latewood of beech contains very little climatic | ing Sewel™ a ee 
information. see tyes ae 


In many species, especially those with genetically 
determined tangential bands, the proportion and 
distribution pattern of thick-walled and thin-walled 
ground tissue cells are determined by ecological fac- 
tors (Fig. 3.19). Under favorable growing conditions, 
there is a high proportion of thick-walled ground tis- 
sue cells; under unfavorable conditions it is low. Dur- 
ing the formation of the wood body, conducting and 
storage cell types have absolute priority over stabilizing 
cell types. The taxonomic value is, therefore, limited. 
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A Fig. 3.20. Marginal bands. a Initial or terminal, single or double-rowed parenchyma band. Launea lanifera, Asteraceae. Southern 
Spain (40:1). b Terminal cork band. Artemisia tridentata, Compositae. Utah, USA (36:1). c Terminal band of thick-walled fiber tra- 
cheids. Heather, Calluna vulgaris, Ericaceae. Ticino, Switzerland (100:1) 


Marginal bands in the ground tissue at the beginn- 
ing and at the end of the tree ring are often genetically 
determined. In well-grown stem wood, such bands are 
typical of certain taxa; however, if the entire ecologi- 
cal range of a species is considered, great variability 
becomes evident. Tree-ring boundaries are also char- 
acterized by axial parenchyma cells (Fig. 3.20a), cork 
cells (Fig. 3.20b), tracheids (Fig. 3.20c), libriform fi- 
bers and rarely by sclerenchyma cells. 


3.3.3 
Periodic Deposition of Crystals 


Calcium oxalate crystals are mineral deposits in sev- 
eral tissues in higher plants. Their chemical structure 
and their response to taxonomic differences were in- 
vestigated at length (Carlquist 2001). Seasonal variable 
crystal contents in cells seem to be a response to vari- 
able amounts of calcium in cells (Webb 1999; Marcati 
and Angyalossy 2005). Little research has been done 
with respect to the ecological importance of crystals 
and especially to different crystal forms. Using mar- 


ginal rows of crystals, Worbes (1988b), as well as Gour- 
lay and Kanowsky (1991), succeeded in determining 
annual increments in wood, especially for some aca- 
cias from tropical regions (Sect. 3.2.3; Fig. 3.12a). 


3.3.4 
Variable Cell Wall Thickening and Lignification 


During the formation of the tree ring, cell wall thick- 
ening takes place after cell wall elongation (Gind1 et al. 
2000). In larch trees, the process of lignification starts 
in the corner of the cell, and then proceeds in a radial 
and tangential direction (Imagawa et al. 1976). The 
cell elements of conifers exposed to great mechanical 
stress often become lignified first. Tension wood in 
deciduous trees is not subject to lignification. During 
tissue formation, mosaic patterns of cell wall thicken- 
ing are often noted (Fig. 3.21). 

It was observed that in common ash, during the an- 
nual formation of the xylem, tissue walls and paren- 
chyma cell walls thicken sooner and become lignified 
earlier than the wood fiber (Fig. 3.21a). Often cell wall 
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thickening of all cell elements occurs more or less si- 
multaneously (Fig. 3.21b). 

In conifers growing at cold and humid timberlines, 
the climatic conditions during the late summer, which 
vary from year to year, cause great interannual vari- 
ability in latewood density (Fig. 3.15b). Statistical 
analyses have shown that summer temperatures, or 
some related factor, influence the growth rate of the 
latewood’s cell walls. According to Gindl et al. (2000), 
in Norway spruce and at the upper timberline, there 
is a direct relationship between the lignification of 
tracheids and late summer temperatures (September 
to October). Gindl et al. (2000) hypothesize that the 
reduced stability of thin walled tracheids in conifers 
growing at high altitudes is compensated by a higher 
lignin content. 

Observations with birches in the Norilsk area of Si- 
beria, which is heavily polluted by sulfur dioxide, in- 
dicated that large amounts of environmental pollution 
have reduced cambial activity during earlywood for- 
mation, and stimulated cell wall thickening and pos- 
sibly lignification during latewood formation. 


3.3.5 
Variable Genetic Predisposition 


The capacity to produce tree rings is genetically deter- 
mined. This is seen in all climates. In regions with a 
strictly seasonal climate, such as central Europe, only 
mistletoe (Viscum album) does not form tree rings. 
In regions where the winter is not very cold, and the 
summer not very hot, such as in southern Europe, 


<4 Fig. 3.21. Selective cell wall thicken- 
ing during tree-ring formation. a Mainly 
thickening and lignification of vessel 
walls and of paratracheal parenchyma 
cells. Common ash, Fraxinus excelsior, 
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Oleaceae. Birmensdorf, Switzerland, 
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coppice shoot (150:1). b Latewood cell 


wall thickening proceeding more or less 


simultaneously in a tangential direction. 
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Manna ash, Fraxinus ornus, Oleaceae. 
Vesime, Piedmont, Italy (90:1) 


southwest and southeast Australia, and along the 
Californian coast, many species have well-defined 
ring boundaries, whereas many others have indistinct 
growth zones (Fig. 3.22). In the tropics, with their 
minimal seasonal temperature differences, only a lim- 
ited number of species form true annual rings. 


3.4 
Perennial Variations 


Long-term continuous and abrupt growth changes are 
usually connected with structural changes which, apart 
from their long-term effect, do not differ from intra- 
annual and interannual changes. From a dendrochro- 
nological point of view, abrupt changes are most im- 
portant as they are used to date the year of an event and 
its intensity. These changes are described in particular 
in Chaps. 7 and 8. Figure 3.23 illustrates this. 


3.5 
Lateral Variations 


This chapter discusses phenomena which modify 
tree-ring boundaries and structures along the stem 
circumference. Sensu lato this is defined by the term 
“fluted stem” (Figs. 3.24-3.26). 

The riblike thickening of the stem at the base of the 
tree, which is due to mechanical stress, is definitely ex- 
cluded here and is dealt with in Sect. 6.3. 

Many different types exist. Typical fluted stems have 
lobed protrusions (bulges) with more or less deep in- 
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A Fig. 3.22. Tree-ring boundaries, growth zones and density 
variations indicating genetically determined sensitivity. Six spe- 
cies from an area with mild, humid winters (average January 
temperature about 9°C) and with mild, dry summers (average 
July temperature about 23°C) in southwest Europe. (subtropi- 
cal climate) Monchique, Portugal, 700 m above sea level. All 
magnifications 25:1. 


a Pinus pinaster, Pinaceae, native. With tree-ring boundaries. 

b Pinus pinea, Pinaceae, native below 300 m above sea level. 
With density variations. 

¢ Quercus coccifera, Fagaceae, native. Indistinct tree rings. 

d Calluna vulgaris, Ericaceae, native. With tree rings. 

e Castanea sativa, Fagaceae, plantation. Deciduous. With tree 
rings. 

f Eucalyptus sp., Myrtaceae, plantation. With density variations 
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dents. For genetic reasons, some species exhibit strongly 
fluted stems; in Europe these includes yew (Taxus bac- 
cata), juniper (Juniperus sp.) (Fig. 3.24), hornbeam 
(Carpinus betulus), some species of Rosaceae, and in 
particular dwarf shrubs (Fig. 3.25). 

In trees, as well as in dwarf shrubs, growth during 
the early years (the number of years varies) is more 
or less concentric. Later on, growth is inhibited locally, 
which leads to fluted stems (Figs. 3.25, 3.37). 

In extreme cases, cambial activity ceases altogether. 
This is the case in the very fluted Artemisia triden- 
tata (Fig. 3.25b). After the usual production of the 
marginal cork band, no new xylem is formed. In the 
following years, the xylem ring cannot close because 
the cork bands (which are made up exclusively of dead 
cells) also enclose the xylem along the sides (arrow in 
Fig. 3.25b). 

Beech (Fagus sylvatica) stems, for example, are 
often indented just below dead or stunted branches 
(Fig. 3.26). According to Gayer (1935), indentations 
are a deficiency symptom. Often the ring boundaries 
are repeatedly indented inwards or outwards near cell 
division anomalies (hazelgrowth) or near wide and 
bundled rays. 

Often, however, the waviness is limited to a single 
discontinuous ring. The following text deals with all 
lateral variable anatomical phenomena. 


3.5.1 
Discontinuous Growth and Variable Anatomical 
Structures 


Locally variable cell division, cell elongation, differ- 
entiation and lignification, as well as variable cell wall 
growth, indicate the autonomous nature of each cell 
or cell group during differentiation. This capacity per- 
mits an optimal reaction to internal and external me- 
chanical stresses and, consequently, the physiological 
optimization of trees. 

The phenomenon of discontinuous or locally ab- 
sent tree rings is known to dendrochronologists, since 
missing rings can only be attributed to a certain time 
period through cross-dating, which is an indispensable 
principle in dendrochronological analyses. According 
to Larson (1994), many authors have studied “discon- 
tinuous,” “wedging,” “missing” or “merging” tree rings, 
as well as earlywood and latewood zones, and have at- 
tributed these phenomena to ecological factors. Dif- 
ferent anatomical structures have not been considered 
in this context. I refer the reader to Larson’s (1994) lit- 
erature review here. 

Locally inactive cambia cause discontinuous tree 
rings. Often, particularly during times of reduced 


A Fig. 3.23. Abrupt growth and structural changes lasting sev- 
eral years. a Reduced ring and latewood width caused by com- 
peting beech trees. Scots pine, Pinus sylvestris, Pinaceae. Bir- 
mensdorf, Switzerland (12.5:1). b Reduced ring width without 
structural changes caused by a rising groundwater level follow- 
ing tectonic lowering of the land surface. Populus trichocarpa, 
Salicaceae. Valdez, Alaska, USA (20:1) 


A Fig. 3.24. Fluted stems. Cambial growth is inhibited in dif- 
ferent time-periods, i.e., the phenomenon of fluted stems is het- 


erogeneous in time. Juniper, Juniperus osteosperma, Colorado, 
USA 
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A Fig. 3.25. The phenomenon of fluted stems starting late. After initial concentric growth, growth is inhibited in a certain posi- 
tion of the stem. a Corema album, dwarf shrub. Southern Portugal (20:1). Leaning little stem. The first inhibition occurs after the 
sixth, the second after the 12th year of life. The second indentation starts with a suppression of growth, causing discontinuous rings. 


b Artemisia tridentata, Asteraceae. Phoenix, Arizona, USA (35:1): The growth stop does not become overgrown, because the xylem 


edge is enclosed by successive cork bands 


> Fig. 3.26. Locally fluted stems. Indented beech stem above 
and below a dead branch. Birmensdorf, Switzerland. Lack of 
nutrients would seem to be the cause for this suppression of 
growth 


growth, tree rings are locally absent over one or more 
years (Fig. 3.27). Discontinuous rings are also com- 
mon when trees are dying. 

When the cambium dies locally, whole bunches 
of discontinuous rings evolve that form fluted stems 
(Fig. 3.28). 

Intra-annual growth inhibition gives rise to discon- 
tinuous latewood (Fig. 3.29), as well as discontinuous 
density variations or lignification zones (Fig. 3.30). 
Especially in stems of irregular growth, discontinuous 
marginal bands indicate variable growing conditions 
(Fig. 3.31) 

Discontinuous intra-annual bands with thick- 
walled ground tissue cells are shown in Figs. 3.9a 
and b and 3.11. In ring-porous species with mini- 
mal resources, especially under bad light conditions 


24 Growth Zones and Stems in Relation to Genetic Ecological Factors 


oe 


‘J 
} 
3S: 


A Fig. 3.27. Wedging tree rings and growth zones demonstrat- 
ing local cambial inactivity but intact cell differentiation. a A 
wedging ring (arrow) and two narrowing rings in a creeping 
shrub. Juniperus communis ssp. hemisphaerica, Cupressaceae. 


Etna, Sicily (50:1). b Two wedging rings or density variations 
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of a creeping dwarf shrub. Heather, Calluna vulgaris, Ericaceae. 
Ticino, Switzerland (120:1). c Two or three wedging rings in 
the dying stem of a densely shaded shrub. The rings cannot be 
clearly distinguished, because the pore rows lie close to each 
other without flattened ground tissue cells in-between. Alpine 
honeysuckle, Lonicera alpigena, Caprifoliaceae. Rossberg, 
Schwyz, Switzerland (40:1) 


< Fig. 3.28. Wedging tree rings caused 
by locally died-off cambia. a Along the 
side of the dead cambium, a later- 

ally re-enforced regeneration process 
has started. Close to the wound, two 
new rings formed, whereas only 2 mm 
further along, there are already nine 
rings. These areas are called strip-bark 
zones. Dwarf juniper, Juniperus nana, 
Cupressaceae. Mt. Salomone, Ticino, 
Switzerland (25:1) b Inactive cambium 
below a contusion. The injury destroyed 
the cambium above the wound. Over 
the following 7 years, there was no 
radial growth at this point. After that, 
the cambium regenerated from each 
side; wedging rings were formed. At this 
point, the phenomenon of fluted stems 
started. The regenerating cambium was, 
however, only active for 6 years. Erica 
carnea, Ericaceae. Swiss National Park, 
2,300 m above sea level (40:1) 
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< Fig. 3.29. Wedging latewood zone and intra-annual density 
variations. Density variation in the latewood (arrow) which dis- 
appears in the tree-ring boundary. Cembran pine, Pinus cembra, 
Pinaceae. Birmensdorf, Switzerland, potted plant (40:1) 


A Fig. 3.30. Wedging zone of weak cell wall thickening (ar- 


row) in a densely shaded plant. Common ash, Fraxinus excelsior, 
Oleaceae. Rossberg, Schwyz, Switzerland (45:1) 


or when the crown’s assimilation capacity is reduced, 
earlywood pore rows are discontinuous or missing al- 
together (Fig. 3.32). 

Phloem bands, which were formed by successive 
cambia, are almost always discontinuous, even under 
optimal growing conditions. Genetic predisposition 
determines a recurrent aperiodic irregular phloem 
formation (Carlquist 1988). 


3.5.2 
Wavy Tree-Ring Pattern, Displaced Rings 
and Irregular Stem Cross Sections 


Irregular tree-ring patterns are usually genetically de- 
termined and are influenced to a greater or lesser ex- 


A Fig. 3.31. Wedging, marginal (initial) parenchyma bands in 
the growth zones of a stem with successive cambia. Lycium euro- 
paeum, Solanaceae. Southern Spain (45:1) 


tent by ecological factors. From an anatomical point 
of view, relationships exist with the formation of vas- 
cular bundles around the pith, horizontal parenchyma 
(rays), local fiber bundles, pith shape and the forma- 
tion of lateral shoots and roots. 

Most phenomena have been described in connec- 
tion with cambial activity. Larson (1994) summa- 
rized the state of knowledge under the terms wavy 
grain, hazelgrowth, Keilwuchs and fluted stems. I shall 
mainly refer to the literature cited by Larson (1994) 
and Schenck (1893). It was seen that the anatomical 
range of forms is much greater than that shown in 
the literature, especially if one includes species with 
“cambial variants” (Carlquist 1988). As an example of 
this variety, some liana cross sections are shown here 
(Fig. 3.33). 
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< Fig. 3.32. Discontinuous and locally 
absent earlywood pore rows in densely 
shaded, ring-porous, dwarfed deciduous 
plants: Discontinuous earlywood pore 
rows (white arrows) and wedging tree 
rings (black arrows) in densely shaded 
dwarfed oaks, competing for nutrients 
with Calluna vulgaris, Ericaceae. Downy 
oak, Quercus pubescens, Fagaceae. Aurig- 
eno, Ticino, Switzerland (120:1) 


v Fig. 3.33. Cross sections of liana 
stems with irregular growth forms. Stem 
fragmentation due to the xylem/phloem 
structure inside the stem. a Bauhinia sp., 
Bauhiniaceae, Costa Rica. b Morinda 
jasminioides, Rubiaceae. Queensland, 
Australia 


3.5.2.1 
Relationship Between Tree-Ring Patterns 
and Rays and Vessel Density 


Inward and outward indentations, as well as displaced 
tree rings, correlate with zones showing high ray 
density. 

In species with locally high ray density, such as 
in the Compositae, tree-ring waviness begins at the 
primary vascular bundles. In the continuation of the 
bundles, vessel density is increased, whereas in the 
areas lying in-between, ray and fiber densities are 
higher. 

The same applies to Carpinus betulus and Zabelia sp. 
(Ogata 1991) with their aggregate rays. In these spe- 
cies, little patches with thick-walled fibers are formed 


in the continuation of the radial vessel rows at the ring 
boundary (Fig. 3.35). At this point, or sometimes close 
to it, the ring boundaries are dented. According to 
Bailey (1911) and Holdheide (1955), this distribution 
corresponds to the leaf trace primordia. Zones with 
increased vessel density are formed out of leaf traces; 
the zone with the aggregate rays is the continuation of 
the spaces between the leaf traces. This interpretation 
becomes doubtful in the case of aggregated rays which 
only form several years later (Fig. 3.34a). 

The wavy shape of the tree-ring boundaries con- 
tinues for several years, varying from a slight wave 
(Fig. 3.34a) to the complete displacement of the ring 
boundary (Fig. 3.34d). In some cases, inward indenta- 
tions (Fig. 3.34a, b) and in others outward indentations 
(Fig. 3.34c) are formed. In hornbeam, the aggregate 
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A Fig. 3.34. Wavy and displaced tree-ring boundaries in relation to ray density (a, b) and aggregate rays (c, d). a Tree-ring indenta- 
tion near the aggregate rays. The ray, or the indentation on the left, begins in the second ring, whereas the ray on the right starts in 
the third ring. Betula humilis, Betulaceae. Northern Finland (40:1). b Tree-ring indentation at a typical aggregate ray which is almost 
vessel-free. Common hazel, Corylus avellana, Betulaceae. Bern, Switzerland (40:1). c Alternating inward (black arrow) and outward 
(white arrow) indentations along aggregate rays. Common hazel, Corylus avellana, Betulaceae, pollarded shoot. Birmensdorf, Swit- 
zerland (25:1). d Displaced tree-ring boundaries along aggregate rays. Gray alder, Alnus incana, Betulaceae. Maggia Valley, Ticino, 
Switzerland (25:1) 


> Fig. 3.35. Wavy tree rings in relation 
to fiber bundles with heavily thickened 
cell walls. The indentation is found in 
the continuation of the radial vessel 
rows, and in direct contact with the fiber 
bundles. According to Holdheide (1955), 
the vessel-free zones correspond to ag- 
gregate rays. As seen in Fig. 3.33a, one 
must distinguish between aggregate rays 
(vessel-free zone) and “leaf trace zones” 
with fiber bundles. The distance between 
the indentation usually increases with 
increasing stem diameter. Rarely, new 
fiber groups (arrow) are formed in den- 
sity variations or at tree-ring boundaries. 
Hornbeam, Carpinus betulus, Betula- 
ceae, shoot in a shaded hedge. Birmens- 
dorf, Switzerland (20:1) 
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ray density is also related to the phenomenon of fluted 
stems. In inward stem indentations, the concentra- 
tion of aggregate rays is much greater than in outward 
indentations (Fig. 3.37). According to Rubner (1910) 
and Holdheide (1955), in the vicinity of aggregate rays, 
radial growth is inhibited. This is particularly evident 
in the genus Zabelia, Caprifoliaceae. Where medullary 
ray density (aggregate rays) is high, and pore density 
low, growth is inhibited locally, and fluted stems are 
formed (Ogata 1991). 

In oak, the starting point of inward and outward in- 
dentations and displaced tree rings is located at the ag- 
gregate rays (Fig. 3.36a). These remain during the for- 
mation of wide rays, and usually appear as displaced 
tree rings in the adult stem wood (Fig. 3.36b). 

In the indentations of fluted dwarf shrub stems, 
vessel density is often reduced (Fig. 3.38). I suppose 
that the water-supply is limited in these areas, causing 
local growth reduction, as these areas are often found 
below dead branches (Fig. 3.26). This hypothesis is 
supported by the observation that leafless, dying beech 
trees have vessel-free xylem (see also Sect. 7.6.1). 

Wavy tree-ring boundaries are often found within 
(Fig. 3.39) or between (Fig. 3.40) wide rays. Often, the 
tree-ring boundary is drawn inwards, towards the pith 
(Fig. 3.39); sometimes it points outwards, towards the 
bark. 

Indentations also correlate with cell wall thicken- 
ing. In the case of Keilwuchs of beeches (Fig. 3.41b), 
described by Bosshard (1974), phloem rays are being 
sclerified continuously. In their continuation on the 
xylem side, the tree rings are indented in the wide rays. 


This phenomenon is also present in the genus Quercus 
(Fig. 3.41b). 

Indentations may also be connected with absent 
cell wall thickening in wide rays. This phenomenon is 
common in the xylem of perennial or dwarfed perenn- 
ial shrubs of Leguminosae, such as Astragalus, and 
also in the liana-like Ranunculaceae Clematis. Nor- 
mally lignified rays often continue as dilated rays with 
not very thick cell walls in the phloem. 

Wavy tree-ring boundaries are often related to ves- 
sel bundles, with or without (Fig. 3.40) connection to 
wide rays. 

Differentiation processes that vary in time cause 
wavy tree-ring boundaries or even furrowed stems. 
Locally, a slight, possibly endogenous, variation causes 
an increased proportion of rays in conifers (Ziegler 
and Merz 1961); a low increase causes wavy tree-ring 
boundaries (Fig. 3.41a), a high increase causes tempo- 
rary hazelgrowth. The causes of hazelgrowth present in 
many conifers and in some deciduous trees (Middle- 
ton 1987) are not clear. The wavy tree-ring formation 
induced by Lev-Yadun and Aloni (1991b) through 
a slight injury, at least in its initial phases, does not 
correspond to naturally occurring hazelgrowth. 


3.5.2.2 
Relationship Between Tree-Ring Pattern 
and Changed Differentiation Processes 


Differentiation changes occurring with advancing 
age may lead to furrowed stems (Carlquist 1988). 


< Fig. 3.36. Wavy and displaced tree- 
ring boundaries in relation to aggregate 
rays and wide rays. a In the juvenile 
phase, the displacement begins with 
aggregate rays. Downy oak, Quercus 
pubescent, Fagaceae, twig. Ticino, Swit- 
zerland (40:1). b Displaced tree rings 
along a very wide ray. Within the ray, the 
boundary is moved upwards. Peduncu- 
late oak, Quercus robur, Fagaceae, adult 
stem. Vordemwald, Switzerland (40:1) 
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< Fig. 3.37. Relationship 
between aggregate ray 


density and fluted stems. 
In the area of the inden- 
tations, the concentra- 
tion of aggregate rays is 
significantly greater than 
along the lobes. Horn- 
beam, Carpinus betulus, 
Corylaceae. Birmensdorf, 
Switzerland. 40:1 


> Fig. 3.38. Fluted 
stems in relation to vessel 
density. In the indenta- 
tions, the water-conduct- 
ing area is reduced. As 
soon as fewer vessels are 
produced locally, radial 
growth decreases. Origa- 
num vulgare, Labiatae, 
basal part of the peren- 
nial plant. Piedmont, 
Italy (40:1) 


A Fig. 3.39. Wavy tree-ring boundaries A Fig. 3.40. Wavy tree-ring boundaries in relation to vessel bundles. Festooned tree- 
in relation to wide rays. Slightindentation _ ring boundaries. The festoons “hang down” between wide rays. The primary rays are 
in the ray. Tamarisk, Tamarix boveana, boundaries between primary vascular bundles. Old-man’s beard, Clematis vitalba, Ra- 
Tamaricaceae. Southern Spain (50:1) nunculaceae. Langnau, Switzerland (60:1) 
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In tropical, and especially in liana-like species, the 
cambial differentiation process changes with time; 
locally, only phloem is formed (includes phloem) 
(Fig. 3.33a). 

In species from temperate climates, furrowed stems 
are found particularly in perennial herbaceous plants 
with a woody stem basis. Owing to altered differen- 
tiation within the xylem, only parenchyma cells with 
thin-walled cells are formed. Since this phenomenon 
only occurs in older parts of the stem, it may be as- 
sumed that it is linked to ageing processes. 


3.5.2.3 
Relationship Between Tree-Ring Pattern 
and Pith Shape 


Irregular pith shape may influence the tree-ring pat- 
tern. In species with a starlike pith, the tree rings may 
take on a circular shape after just 1 year, whereas in 
other species, the tree rings may follow the pith shape 
over many years (Fig. 3.42). 


A Fig. 3.41. Wavy tree-ring boundaries and furrowed stems in 


relation to changes in differentiation. a Increased proportion 
of uniseriate rays in conifers. A large proportion of rays, an in- 
crease of up to 50% in the area, causes hazelgrowth, which is a 
temporary phenomenon. It starts with wavy tree rings (bottom), 
then leads to a strong indentation, but after 20-50 years, the 
rings become normal again. Norway spruce, Picea abies, Pina- 
ceae. Suldtal, Switzerland (10:1). b Keilwuchs in Kermes oak, 
Quercus coccifera, Fagaceae. Portugal (100:1). The tree rings are 
located deep in the surrounding tissue, like a ship’s hull. On the 
outer edge, a wedge of sclereids is pushing downwards 


3.5.2.4 
Relationship Between Tree-Ring Pattern 
and Adventitious and Latent Buds 


The formation of lateral shoots alters internal physio- 
logical conditions, including the differentiation 
process. It follows that in the vicinity of the shoot, 
and especially just below it, anatomical structures 
change, and tree rings may be indented over several 
years. 


3.5.3 
Variable Axial Fiber Arrangement, 
Especially Spiral Grain 


The causes of annually or periodically variable spiral 
grain are not clear. According to Harris (1989) and 
Kubler (1991), the formation of spiral grain is genetic- 
ally determined. It may be reinforced by environmen- 
tal factors such as wind, insolation, the removal of 
large branches or by injuries (Sect. 7.1.2). According 
to Kubler (1991), spiral grain is connected to the wa- 
ter supply within woody plants. Since spiral grain has 
little relevance in dendrochronological analysis, it will 
not be dealt here. I refer to the summarizing studies of 
Harris (1989) and Kubler (1991). 


3.6 

Growth Zones in Perennial Plants 
with Very Short or Long Stem Axes: 
Perennial Herbaceous Plants, Dwarf 
Shrubs, Climbers and Lianas 


The most often described and anatomically studied 
woody plants are the perfectly grown phanerophytes, 
ie., trees. Less often described, probably because of 
their scarce economic interest, have been the nano- 
phanerophytes, i.e., shrubs. Little attention has been 
paid to chamaephytes (dwarf shrubs) and hemicrypto- 
phytes (plants where the perennating buds are situ- 
ated at ground level). Many from western Europe 
have been described by Schweingruber and Poschlod 
(2005). Lianas, ie., plants with extremely elongated 
stem axes, have aroused interest mainly because in 
many of them radial growth varies from the norm 
(Carlquist 1988). Figure 3.43 shows their growth 
forms and Figs. 3.44-3.64 illustrate the anatomical 
range known at present. 

The growth forms may be divided as follows: 
1. Woody plants with short stem axes (chamaephytes) 

(Fig. 3.43) 
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A Fig. 3.42. Wavy tree rings indicating irregular pith shape. At least the tree rings close to the pith adjust their outline to the ge- 
netically (a) or ontogenetically (b) determined pith shape. a White poplar, Populus alba, Salicaceae, twig. Bern, Switzerland (40:1). 
b Common ash, Fraxinus excelsior, Oleaceae, twig in the vicinity of two leaf traces. Birmensdorf, Switzerland (45:1) 


A Fig. 3.43. Examples of alpine plants with short stem axes. a Taproots with aboveground long shoots. Saxifraga aiziodes, Saxifra— 


gaceae. Julier, 2,700 m above sea leval, Switzerland. The largest number of growth rings is to be expected at the root collar (arrow). 
b Trellis plant, Salix reticulata, Salicaceae. Julier, 2,700 m above sea level, Switzerland. As the internodes are not always distinct, the 
individual's age can only be determined approximately 
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¢ Often unlignified above ground level, widely 
branching, loose or dense cushions forming 
plants with a woody basis, usually with taproot. 
The examples shown are from the alpine belt of 
the Alps with a short growing season (Fig. 3.54). 
The large shrublike cushion plants in Mediterra- 
nean areas (Gorissen 2004) are not shown. 
The smallest dwarf shrubs (chamaephytes), with 
thin little stems of hardly more than 1-mm diam- 
eter and 10-cm height. Again, the examples come 
from the alpine belt of the Alps, from bogs and 
from dry Mediterranean sites (Fig. 3.56). 
¢ Small dwarf shrubs (chamaephytes), with little 
stems of up to 5-mm diameter and 40-cm length. 
Again, the examples shown are from the alpine 
belt of the Alps, from bogs and from dry Mediter- 
ranean sites (Figs. 3.57, 3.58) 
Perennial, herbaceous plants (hemicrypto- 
phytes). Unlignified above ground level, with 
woody, several-year-old bases. The plants have 
taproots and rhizomes. The examples are from 
the subalpine belt of the mountains (Figs. 3.44, 
3.45, 3.55, 3.59, 3.60), as well as from the Medi- 
terranean region (Fig. 3.46b). 
2. Plants with extremely long stem axes 
¢ Rambling and climbing plants. Supported by sta- 
ble, upright elements, these climb over the crowns 
of the herbaceous plant, shrub or tree layer, us- 
ing thorns (Rosa sp.) (Fig. 3.62) or tendrils (e.g. 
Periploca graeca) (Fig. 3.63). 
¢ Winding or liana-like plants. These wind around 
themselves or around dead or alive upright ele- 
ments. The leaves of liana-like plants can be found 
in the tree crowns, whereas the stems hang down 
freely and make roots in the ground (Figs. 3.62- 
3.64). 


3.6.1 
Plants with Short Stem Axes 


Dendrochronological ageing of dwarf shrubs began 
in the middle of the nineteenth century. Kraus (1873) 
aged prostrate willows in Greenland, Rosenthal (1904) 
and Kanngiesser and Graf zu Leiningen (1910) did so 
for most dwarf shrubs in higher altitudes of the Alps. 
Schréter (1926) and Molisch ( 1938) summarized the 
results. The determination of the maximum age of 
different species was of primary interest. Only Dietz 
and Fattorini (2002) and Schweingruber and Poschlod 
(2005) proved the annual formation of growth rings. 
The presence of rings in dwarf shrubs and herbs in 
different vegetations zones was described by Schwein- 
gruber and Dietz (2001) for western Europe, by Dietz 


and Schweingruber (2002) for Michigan, USA, and by 
Benedict (1989), McCarthy (1992) and Von Arx et al. 
(2006). 

Dendrochronological aging of herbs started with 
the little remark by Vidal (1905) about the age of 
the alpine cushion plant Eritrichium nanum. Zoller 
und Stager (1949) demonstrated the presence of 
rings in the xylem of plants growing in central alpine 
steppes and Dietz and Ullmann (1997) for it for mesic 
sites. 

Studies in the last few decades related plant age to 
succession dynamics, for example, those by Boggs and 
Story (1987), Dietz and Ullman (1998), Flower-Ellis 
(1971) and Pornon and Doche (1996). 

Reconstruction of glacier retreat was possible by 
ageing prostrate willows, for example, by Warren- Wil- 
son (1964), and herbs (Minch 2000; Schwarz 2001; 
Kuen and Erschbamer 2002). Soil movement by soli- 
fluction has been reconstructed with prostrate willows 
by Jacob (1995). 

Dendroclimatological studies with dwarf shrubs 
based on cross-dating have been carried out by 
Woodcock and Bradley (1994) on Salix arctica, by 
Hantemirov et al. (2004) on Juniperus sibirica and by 
Johnstone and Henry (1997) and Rayback and Henry 
(2005) on Cassiope tetragona. These studies clearly 
show that shrubs and dwarf shrubs of the circumpolar 
subarctic zone have some potential for climatic recon- 
structions. 


3.6.1.1 
Existence of Growth Rings in Dwarf Shrubs 
and Herbaceous Plants in Central Europe 


Of 914 analyzed chamaephytes and hemicryptophytes 
from the Alps, only 80 had indistinct or invisible 
growth zones. 


3.6.1.2 
The Anatomy of Growth Rings in Herbaceous 
Plants 


In microscopically analyzed samples, the following 

types were distinguished: 

¢ Growth rings with distinct earlywood or latewood 
(Fig. 3.44) 

¢ Tangential arrangement of slightly enlarged pores 
in the earlywood (Fig. 3.45) 

¢ Marginal parenchyma bands (Fig. 3.46) 

¢ Broken ring boundaries (ring shake) (Fig. 3.47) 

e Variable cell wall thickness (density bands) 
(Fig. 3.48) 
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A Fig. 3.44. Anatomically “normal” growth ring structure. All cells have more or less strongly thickened and well lignified cell walls. 
These structures are found in particular in species with perennial, lignified shoot bases (a), rhizomelike (b), underground shoots 
or in those with up to 2-3-cm-long aboveground monopodia a Thalictrum alpinum, Ranunculaceae. Perennial plant (hemicrypto- 
phyte), sunny aspect in the Alps (100:1). b Sibbaldia procumbens, Rosaceae, chamaephyte. Short rhizome, alpine snow pockets, Alps 
(160:1). ¢ Hypericum perforatum, Hypericaceae. Short rhizome, common perennial plant (hemicryptophyte), Europe (100:1) 


< Fig. 3.45. Growth rings with slightly 
enlarged pores in a tangential order in 
the earlywood. The pores in the late- 
wood are of the same size as the ground 
tissue cells. Ground tissue cells in late- 
wood and earlywood differ little in shape 
and size. a Pritzelago alpina, Cruciferae, 
hemicryptophyte. Taproot; subalpine 
and alpine belt. Alps (100:1). b Cam- 
panula cochleariifolia, Campanulaceae, 
hemicryptophyte. Taproot; montane and 
subalpine belt. Alps (100:1) 
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< Fig. 3.47. Ring shake. Growth rings 
with easily separating latewood and ear- 
lywood ground tissue. After drying, the 
rings in transversal cuts break apart in 
a tangential direction. This makes them 
easily visible even in species without 
obvious differences in the latewood/ 
earlywood structure. Minuartia verna, 
Caryophyllaceae, hemicryptophyte. 
Taproot; montane to subalpine belt. 
Alps (100:1) 


> Fig. 3.48. Growth rings with “density 
variations”. Intra-annually, the ground 
tissue cells have different cell wall thick- 
nesses. Often, this makes growth rings 
visible, especially in species growing 

in a seasonal climate. Odontites lutea, 
Scrophulariaceae, therophyte. Taproot 
(25:1), probably 2 years old 


< Fig. 3.46. Growth rings with 
marginal, unlignified, thin-walled 
parenchyma bands. The boundaries of 
the annual increment are characterized 
by marginal bands of parenchyma cells 
in a more or less tangential direction, 
without cell wall thickening, and by 
slightly enlarged earlywood vessels. 

a Veronica fruticulosa, Scrophulariaceae, 
chamaephyte. Dwarf shrub, 5-10-cm 
tall, on south-facing slopes of the sub- 
alpine belt in the Alps (160:1). Note the 
marginal, very small vessels and thick 
cell walls. b Onosma erecta, Boragina- 
ceae. Perennial plant, hemicryptophyte, 


sites with a southern aspect in southern 
Greece (160:1) 
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< Fig. 3.50. Indistinct growth rings. 
Between thick-walled vessels and libri- 
form fibers, parenchyma cells without 
thickened cell walls are found. The rings 
are difficult to distinguish because of ex- 
tremely diffuse pores and few morpho- 
logical differences between latewood and 
earlywood ground tissue cells. Often, an 
indication of a growth ring is just visible; 
their number, however, varies along the 
circumference of the stem. Potentilla 
caulescens, Rosaceae, hemicryptophyte. 
Short rhizome, south-facing limestone 
rocks in the Swiss Jura (300:1) 


> Fig. 3.51. Periodic bands in the 
phloem. In many species, tangential 
bands of collapsed sieve cells are present. 
The number of phloem bands normally 
do not correspond with the number 

of xylem rings. Leontodon incanus, 
Asteraceae, hemicryptophyte. Taproot; 
plant from the montane zone in the Alps 
(20:1) 


< Fig. 3.49. Growth rings with periodic 
intra-annual bands. Tangential varia- 
tions of pore density and ground tissue 
cell density. Rings are only visible if the 
species are semi-ring-porous. a Psoralea 
bituminosa, Fabaceae, chamaephyte. Al- 
garve, Portugal (25:1). b Isatis tinctoria, 


Cruciferae, hemicryptophyte. Wallis, 
Switzerland (25:1) 
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A Fig. 3.53. Tangential arrangement of vascular bundles in 
monocotyledons. In monocotyledons with secondary thick- 
ening, the vascular bundles are often arranged in tangential 
rows. This is best seen in cuts, with the naked eye. In seasonal 
climates, these zones may correspond to growth rings (arrows). 
Tamus communis, Dioscoreaceae, tuberous root. Ticino, Swit- 
zerland (25:1) 


< Fig. 3.52. Tangential arrangement of 
secretory ducts in the phloem. Especially 
in areas near the cambium, which are 
not radially compressed, the tangential 
rows of canals indicate probably annual 
growth. a Artemisia absinthium, As- 
teraceae. Taproot of a hemicryptophyte; 
hills. Alps (100:1). b Ligusticum mutel- 
lina, Apiaceae. Taproot of a hemicrypto- 
phyte; subalpine belt. Alps (25:1) 


A Fig. 3.54. Root collar of taproots in alpine cushion plants. 
a Eritrichium nanum, Boraginaceae, hemicryptophyte. Alps 
(40:1). b Saxifraga aizoides, Saxifragaceae, hemicryptophyte. 
Alps (40:1). The marginal parenchyma cells are very thin walled. 
For this reason, during cutting, the growth rings separate if the 


sample is not adequately supported 
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< Fig. 3.55. Root collar of montane 

to alpine perennial and cushion plants 
with a taproot. a Minuartia verna, 
Caryophyllaceae, hemicryptophyte. Alps 
(25:1). b Potentilla micrantha, Rosaceae, 
hemicryptophyte. Southern Alps (25:1) 


A Fig. 3.56. Smallest dwarf shrubs. The dwarf shrubs have stem diameters of 1-2 mm and are 5-15-cm tall. Especially in the 
mountains, their growth is trellis-shaped. The growth rings in the normal type (a), as well as those in the type with marginal un- 


lignified parenchyma (b), are only distinguishable in zones with good growth. Especially in creeping growth forms (a) or cambia 
which have died on one side of the plant (strip bark) and in underground stems, wedging rings are common (a). a Thymus serpyl- 
lum, Labiatae, chamaephyte. South-facing rocks in the subalpine belt of the Alps (60:1). b Veronica fructiculosa, Scrophulariaceae, 
chamaephyte. South-facing slope in the subalpine belt of the Alps (60:1) 
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< Fig. 3.57. Small dwarf 
shrubs (50:1). The dwarf 
shrubs have stem diameters 
of 2-5 mm and are up to 
40-cm tall. In zones of nor- 
mal growth, the growth rings 
are very distinct. In taxa with 
very narrow latewood (a), 
counting is usually difficult. 
With the exception of the 
Compositae (c), all belong to 
the normal type. The big dif- 
ference in density is striking, 
for example, very low ina 
and high in b. a Rhododen- 
dron lapponicum, Ericaceae, 
chamaephyte. Northern 
timberline, Scandinavia. 

b Calluna vulgaris, Ericaceae, 
chamaephyte. South-facing 
rocks, subalpine belt of the 
Alps. ¢ Helichrysum italicum, 
Asteraceae, chamaephyte. 
Rocky, dry site, Sicily 


< Fig. 3.58. Trellis dwarf shrubs (40:1). 
Creeping or weeping dwarf shrubs 

with stem diameters of up to 1 cm. The 
growth rings are distinct in all types. All 
tend to be semi-ring-porous. Wedging 
rings are common in years unfavor- 
able to growth. a Globularia cordifolia, 
Globulariaceae, chamaephyte. South- 
facing rocks in the montane belt of the 
Alps. Weeping, 40-cm-long shoot on an 
unstable slope. Strip-bark form. b Salix 
retusa, Salicaceae, chamaephyte. Rocks 
near a snow pocket in the subalpine 
belt of the Alps. Trellis shrub which is 
pressed to the ground 
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v Fig. 3.60. Perennial plants of warm, lowland sites, especially 
in the Mediterranean region (40:1). This group is character- 
ized by a great variety of forms. There are “normal types” (b), 
those with unlignified marginal parenchyma (a) and those with 
a loose vessel-parenchyma distribution without distinct growth 
rings. The ring boundaries are often difficult to recognize. 
a Dianthus sp., Caryophyllaceae, hemicryptophyte. Rocks in 
southern Spain. b Origanum vulgare, Labiatae, hemicrypto- 
phyte. Pasture, Switzerland 


< Fig. 3.59. Perennial plants of the subalpine belt (50:1). 
Plants with several-year-old, basal, lignified shoots. a Erinus al- 
pinus, Scrophulariaceae, hemicryptophyte. South-facing rocks, 
Alps. b Leontopodium alpinum, Asteraceae, hemicryptophyte. 
Pasture, Tien-Shan, Kirgistan 


v Fig. 3.61. Age and potential for cross-dating of an alpine 
rosette plant with “normal” ring structure. Erigeron sp., Astera- 
ceae, chamaephyte (40:1). Pasture in the alpine belt, Tien-Shan 
Mountains, Kirgistan. Collected 30 August 1996; the last ring 
is that of 1996. The ring sequence is very even, hardly showing 
event years which would facilitate cross-dating. The age deter- 
mination is certain in individuals with relatively wide growth 
rings (a); it is uncertain in slow-growing plants (b). The ring 
width of individuals growing on the same site varies from an 
average of 0.25 to 0.05 mm 
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A Fig. 3.62. Ramblers (40:1). Large, bent, thin stems, leaning on or attached to supports, sustain leaves and flowers above the sur- 


rounding herbaceous plant or tree layer. The plants are characterized by large pores which are distributed across the entire cross 


section (a) or form a distinct earlywood pore ring (a-c). The proportion of the pore area is always high, in relation to the low 


proportion of supporting area (cell wall proportion). a Rosa sempervirens, Rosaceae. Plant with 3-4-m-long shoots, which attach 


themselves with their thorns to supporting plants. Field shrub in southern Spain. b Clematis alpina, Ranunculaceae, liana. Climber 


and creeper with about 1-2-m-long shoots. Shrubby spruce in the subalpine belt of the Alps. ¢ Solanum dulcamara, Solanaceae, 


liana. Rambler in a hedge, with 2-m-long shoots. Ticino, Switzerland 


¢ Tangential intra-annual vessel and fiber bands 
(Fig. 3.49) 

¢ Indistinct growth rings (Fig. 3.50) 

e Tangential bands of sieve cells in the phloem 
(Fig. 3.51) 

¢ Tangential arrangement of excretion canals in the 
phloem (Fig. 3.52) 

¢ Tangential arrangement of vascular bundles 
(Fig. 3.53) 


The rings are most clearly visible in thick transver- 
sal sections under transillumination, in polarized light 
or in dried cuts. 


3.6.1.3 
Age Determination of Herbaceous Plants 


The real age can be determined only for plants with 
taproots and not for plants with rhizomes because the 
older parts rot. 


Young plants with ages of 1-4 years dominate the 
central European flora. Only 8.1% of plants with pri- 
mary roots and 9.5% with rhizomes are older than 
20 years. The oldest herbaceous plant in the Alps had 
50 rings (Trifolium alpinum) and the oldest dwarf 
shrub had 202 rings (Rhododendron ferrugineum). 
More details are given in Schweingruber and Poschlod 
(2005). 

The relationship between environment and plant 
age is most expressed in vegetation zones. Plant ages 
often increase with altitude as long as similar site con- 
ditions are respected. 

We analyzed 138 species of the family Brassicaceae 
and 109 species of the family Caryophyllaceae from 
dry and medium-dry sites in western Europe. In the 
subalpine and alpine zones, 50% of the Brassicaceae 
species lived longer than 9 years (maximum 44 years) 
and in the hill zone only longer than 2 years (maxi- 
mum 12 years). The results are similar in the family 
Caryophyllaceae: 50% of the subalpine and alpine spe- 
cies lived longer than 10 years (maximum 40 years) 
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and in the hill zone only longer than 2 years (maxi- 
mum 12 years). In both families, plants in the subal- 
pine belt usually live to a greater age than those in the 
lowlands. 


3.6.1.4 

Relationship Between Growth 

Rings in Herbaceous Plants and Their Growth 
Form and Taxonomy 


Anatomical characteristics would appear to have little 
influence on a plant’s growth form. All known ana- 
tomical structures of stem wood can be found also in 
dwarf shrubs and in angiosperm herbs with taproots 
and rhizomes. The taxonomic xylem characteristics 
are not well known but they seem to be as distinct in 
herbs as in trees. Here we can refer only on two stud- 
ies. The anatomy is fairly homogeneous in the family 
Brassicaceae. Characteristic is the presence of paratra- 
cheal parenchyma, intra-annual tangential vessel zones 
(Fig. 3.49b), libriform fibers, alternating vessel pits and 
vestured pits and the absence of crystals (Schweingruber 
2006a). Caryophyllaceae show distinct features in sub- 
families, for example, intra-annual phloem enclosures 
in the subfamily Paronychioideae, crystal druses in the 
Silenoideae and pervasive parenchyma in the Alsinoi- 
dea (Schweingruber 2006b). Tangential rows of excre- 
tion canals exists in the phloem of all Apiaceae studied 
(Fig. 3.52b) and in many Asteraceae (Fig. 3.52a). 


3.6.1.5 
Relationship Between Growth Rings 
in Herbaceous Plants and Site Conditions 


Even very small differences in the site condition 
influence growth. Under limited growing condi- 
tions, for example, on wind-exposed sites, in snow 
pockets, on permafrost or on underground stems in 
bogs, radial growth is very slow. In plants on such 
sites, the growth rings can hardly be distinguished 
from each other. Stand structure strongly influences 
the radial growth of dwarf heather: because of the fa- 
vorable light conditions, dominant plants have larger 
growth rings than suppressed ones. Cross-dating is 
only likely to be successful when dominant plants 
(Petersdorf 1996) or plants from extreme sites are 
compared (Woodcock and Bradley 1994; Fig. 3.61). 
A study of the anatomical variability in relation to 
sites exists only for Brassicaceae (Schweingruber 
2006a). Distinctness of annual rings and semiring 
porosity decrease from alpine and humid subalpine 
sites towards arid sites. In contrast, vessel diameter 


and vessel frequency increase from xeric to humid 
alpine sites. 

It is not easy to discover relationships between 
ecological conditions and growth form. Seen from 
a mechanical viewpoint, small plants should have 
thin-walled ground tissue cells. In practice, how- 
ever, among the types with unstable ground tis- 
sue, many with normally thickened and few with 
strongly thickened ground tissue cells may coexist 
(Fig. 3.57a, b) 


3.6.1.6 
Common Characteristics in the Growth Ring 
Structure of Herbaceous Plants 


With all genetically determined structural differences, 

two common factors were found: 

1. A very small pore diameter. In all growth forms, 
the radial diameter of the biggest pores does not 
exceed 40 tum. Only a few species have bigger wood 
pores up to 75 um (Fig. 3.58b). 

2. The large number of pores. With few exceptions 
(e.g., Fig. 3.55a), 1 mm2 contains over 500 pores 
(more than 1,000 in Fig. 3.54). 


Semi-ring porosity is not a constant pattern, but 
it occurs surprisingly often. For many species the ab- 
sence of rays is characteristic. In Brassicaceae, species 
without rays occur mainly in the higher altitude of the 
Alps (Schweingruber 2006a; Fig. 3.45). Few species 
have multiseriate rays (Figs. 3.49, 3.51, 3.52). 

Small pores are characteristic of small plants. The 
ecological importance of narrow rays is not known. 
Narrow ring widths are typical. In the alpine region, 
they range from 0.25 to 0.85 mm (Fig. 3.61). In tem- 
perate and Mediterranean regions, they rarely go 
above 1 mm. 


3.6.1.7 
Outlook 


With the dendrochronological age determination of pe- 
rennial plants in subalpine and arctic regions, it is pos- 
sible to date site changes, such as episodes of landslides, 
the regeneration of abandoned subalpine and alpine 
pastures, the regeneration of soil abrasions such as ski 
slopes (Rixen et al. 2004), recolonization of ice free land 
in front of retreating glaciars (Kuen and Erschbamer 
2002) and the dynamic regeneration of disturbed mead- 
ows (Schweingruber and Poschlod 2005). It is possible 
that the assumed colonization of higher altitudes by al- 
pine plants owing to climate change will be proved. The 
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A Fig. 3.63. Climbing and liana-like plants of temperate regions (50:1). Plants with several-meter-long shoots, which wind around 


themselves, climb up supports, or hang down from tree crowns. The plants are characterized by very large pores, which may be well 


distributed through the cross section or concentrated in the earlywood. Only Lonicera periclymenum, Caprifoliaceae (c), does not 


form large pores. a Periploca graeca, Asclepiadaceae. Climber in field shrubs. Greece. Shoots up to 10-m long. b Lonicera affinis, 


Caprifoliaceae. Rock-climbing plant with 4-m-long shoots. Hokkaido. ¢ Lonicera periclymenum, Caprifoliaceae. Climber in field 


shrubs with 3-m-long shoots. Switzerland. (b Courtesy of Fukazawa) 


growth rings in dried samples of many species that have 
been examined so far are easily visible under a stereo- 
scopic microscope. It is, therefore, possible to analyze a 
great number of samples. However, many other plant 
species will still have to be examined to determine their 
dendrochronological use. 


3.6.2 

Plants with Extremely Elongated Stem Axes, 
in Particular from Temperate and Semiarid 
Regions 


Already at the end of the nineteenth century, Schenck 
(1893) summarized the knowledge regarding the 


anatomy of liana stems. Especially Carlquist (1988), 
Baas (1976), Zimmermann (1978) and Gasson and 
Dobbins (1991) looked for a relationship between the 
liana’s conducting area and pore distribution, and its 
evolutional development, ecology, physiology and 
growth form. 

It has been known for a long time that the water- 
conducting area in lianas from tropical rain forests is 
greater than that of the trees in those regions (Gasson 
and Dobbins 1991). Little attention was given to the 
fact that they also contain many little pores (Lev-Ya- 
dun 1999; Fig. 3.64b). In wet periods, the large pores 
conduct great quantities of water. In dry periods, on 
the other hand, a limited amount of water is conducted 
through the small pores. It would seem that lianas and 
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climbing plants have optimized the water-conducting 
system with regard to water capacity and security of 
conduction. This is seen in the species from temperate 
and semiarid regions that were examined (Fig. 3.63). 
Liana-like plants have few (20-50 persquare millime- 
ter) large earlywood pores and relatively many (100- 
250 per square millimeter) medium-large latewood 
pores. In climbing species, ring porosity is not very 
common. 

The liana-like or climbing growth form is associated 
with a water-conducting area in the earlywood and 
the latewood. This is clearly seen in the genus Lonicera. 
Two climbing species (Fig. 3.63b, c) with large early- 
wood vessels differ from the other shrublike species 
which have small pores. However, at least in Europe, 
large pores are not a prerequisite for climbing growth; 
the climber Lonicera periclymenum (Fig. 3.63c) has 
only small vessels (Ogata 1988). 

In the tropical rain forest climate, lianas with a 
greater water-conducting capacity evolved (Evers et al. 
1990; Fisher and Evers 1995): they have more, and/or 
larger vessels. Here we show two examples from the 
northeast Australian tropical rain forest (Fig. 3.64). 
Growth rings were only found in species from sea- 
sonal climates. 


Fig. 3.64. Climbers and lianas from the tropical 
rain forest in northeast Australia (a) and from the 
warm-humid (insubric) climate in Ticino, Swit- 
zerland (40:1). a Liana with extremely large pores 
(more than 500 um). Note the very thick cell wall 
of the pores. b Pueraria hirsuta, Fabaceae, liana, ad- 
ventitious. Ticino, Switzerland. Native of Southeast 
Asia. The vessel dimorphism is conspicuous; a few 
very large (about 250-um) and many small (about 
30-um) vessels are arranged in groups 


On the basis of the material examined, no definite 
relationship between anatomical characteristics and 
liana-like or climbing growth forms was found. Speck 
et al. (1996) pointed out the importance of adaptations 
to mechanical stresses. Stability is ensured by the for- 
mation of flexible, lignified tissue. 


3.6.3 
Comparison of Wood Anatomical Structures 
of Dwarf Shrubs and Liana-Like Woody Plants 


A comparison of Figs. 3.56-3.58 with Figs. 3.63 and 
3.64 illustrates the importance of different hydrolo- 
gical conditions. Dwarf shrubs must transport water 
over a distance of 5-20cm, lianas up to 40 m. For 
small shrubs, vessels with a cross-sectional area of 
about 0.002 mm” suffice, whereas lianas, during the 
period when large amounts of water are transported, 
need a conducting area 100 times as large (0.2 mm”). 
Growth rings of lianas are always wider than those 
of dwarf shrubs. This seems to be due to the general eco- 
logical conditions. Liana-like growth forms occur almost 
exclusively in temperate, semiarid and tropical regions, 
rarely in cold and wet (boreal and subalpine) areas. 
Exceptions are Clematis alpina and Clematis sibirica. 


CHAPTER 4 


4 Modification of the Tree-Ring Anatomy 
Due to Ageing and the Position Within the Tree 


The anatomy of the xylem is determined to a large ex- 
tent by meristem age, in particular that of the cambium 
and its position within the tree (Philipson et al. 1971; 
Larson 1994). It is, therefore, not surprising that the 
structural differences within a tree are much greater 
than those between stems of different trees. 

Most of this book deals with the anatomy of adult 
stems, but this chapter will concentrate on juvenile 
structures and the anatomical conditions in root and 
crown. I am well aware that by doing so only certain 
aspect of the topic “tree architecture” will be covered 
(Gruber 1992). 

The structures at the initial point of the ramifica- 
tion of branches and roots have not been considered. 
In this context, the reader is referred to Lev-Yadun 
and Aloni (1990), and to Zimmermann (1983). 


4.1 
Ontogenesis of the Xylem in Roots 
and Shoots 


Primary stem and root structures differ in the con- 
struction and position of the vascular bundles. The 
reorganization takes place between the roots and the 
cotyledons, in the vicinity of the germination stem 
(Fig. 4.2). At this point, the only central, usually pith- 
less, radial vascular bundle of the root is divided into 
several collateral bundles, which surround the pith. In 
the radial vascular bundle, xylem and phloem are lo- 
cated next to each other (exarch, Figs. 4.2, 4.4). In the 
collateral vascular bundle, the xylem is located cen- 
tripetally, the phloem centrifugally (Fig. 4.3). 


4.1.1 
The Center of the Root 


A few millimeters behind the vegetation cone of the 
root tip, a central cylinder is formed out of a single 
vascular bundle. This cylinder is surrounded by the 
pericycle and separated from the bark by the endo- 
dermis (Fig. 4.1). Depending on the species, the xylem 
cell groups within this primary vascular bundle are 


A Fig. 4.1. Vascular bundles in roots. Adventitious root of a 
heptarch vascular bundle of Primula auricula (De Bary 1877). 
The thick-walled, water-conducting vessels (g) in cross sec- 
tion are arranged in a ray-shaped form. Between the radially 
arranged xylem lies the assimilate-containing phloem (s). The 
initial structure of the vessels is located at the tip of the rays 
(protoxylem), and the following cells are arranged centripetally 
(metaxylem). The vascular bundle is separated from the pri- 
mary cortical parenchyma by the pericycle (p) and the endoder- 
mis (uw). During secondary thickening, a star-shaped cambium 
is formed between xylem and phloem 


arranged in a raylike fashion (diarch, Figs. 4.4a, 4.5a; 
polyarch, Fig. 4.4b) The disposition of the xylem cells 
is still recognizable in several-year-old root tissue. It 
must be emphasized, however, that this arrangement 
rarely corresponds with the ideal disposition shown in 
textbooks (Fig. 4.5b, c). During secondary thickening, 
within the vascular bundle between xylem and phloem, 
first a discontinuous and later a continuous cambium is 
formed which surrounds the entire root circumference. 

Not all roots exhibit the structure mentioned. We 
found in taproots of beech (Fagus sylvatica) and oak 
(Quercus robur) 10 cm below ground a distinct round 
pith During the initial phase of secondary thicken- 
ing, a differentiation process takes place. Within the 
first, usually indistinct tree-ring boundary, the rays 
are formed; the vessel diameter increases continuously 
(Fig. 4.5b, c). 

In all deciduous woody plants, the xylem in un- 
derground roots, which are not subject to mechanical 
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< Fig. 4.2. The reorganization 
from radial vascular bundles in 
a root to a collateral vascular 
bundle in the stalk. a Three- 
dimensional drawing and b 
schematic cross sections. The 
radial vascular bundles in the 


root show two separate phloems 
(dotted lines) and two combined 
xylems (black and white). The 


phloem collateral bundles in the shoot 
metaxylem 


protoxylem 


phloem 
protoxzlem 
metaxylem 
are characterized by an external 
(centrifugal) phloem and an 
internal (centripetal) xylem. 
(From Sporne 1974) 


phloem 
metaxylem 
protoxylem 


A Fig. 4.3. Xylem of collateral vascular bundles of deciduous woody plants after secondary thickening has started. The initial struc- 
ture of the vessels (protoxylem and metaxylem) is found immediately near the pith (arrows). Roughly outside the line, there is tissue 
formed during secondary thickening. a Clematis vitalba (220:1). b Ulmus glabra (220:1) 
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< Fig. 4.4. a Disposition of the 
primary xylem in roots. In the xylem 

of a primary main root of a conifer 
(Larix decidua) (60:1). The tracheids 

are arranged in a diarch formation. The 
first tracheids (protoxylem) are located 
centrifugally, immediately near the resin 
ducts. Between the larger tracheids of 
secondary formation along the sides, 

the thin-walled metaphloem is found. 

b The xylem of a primary main root 

of a deciduous woody plant (Prunus 
mahaleb) (100:1). The vascular bundles 
are arranged in a heptarch order. The 
first vessels (protoxylem) are located at 
the tips of the rays. The metaphloem 
cannot be distinguished as it was pushed 
outwards during secondary thickening. 
In this species only, a textbook-like ar- 
rangement of the vessels can be observed 
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protoxylen 


pith 


resin duct 


A Fig. 4.5. Primary and secondary root xylem in the center of conifers and dicotyledonous trees. a Conifer. Silver fir, Abies 
alba (40:1). Diarch vascular bundle with central resin duct. b Deciduous tree, ring-porous (100:1). Sessile oak, Quercus petraea. 
c Deciduous shrub, diffuse-porous (100:1). Red-berried elder, Sambucus racemosa 


stress, is diffuse or semi-ring-porous. Ring porosity is 
characteristic of sprout xylem. Only when roots reach 
the surface, ring-porous structures are formed. The 
pith below ground, if present, is always smaller than 
that in the part above ground. 


4.1.2 
The Center of the Sprout 


A few millimeters behind the vegetation cone of 
the sprout, several collateral vascular bundles form 
around the pith. During secondary thickening, a cam- 
bium is formed between the phloem and xylem of 
each vascular bundle. By bridging the intermediate 
areas (interfascicular zone) with cells capable of divi- 
sion, a closed cambium ring evolves. In many species, 
this cambium ring seems to be complete at an early 
stage (Strasburger Tilia type in Fig. 4.6). On the ba- 
sis of the disposition of the primary vascular bundles, 
three types are distinguished (Strasburger et al. 1958; 
Fig. 4.6). Even when the xylem is several years old, the 
construction of the primary xylem and the arrange- 
ment of the vascular bundles are still recognizable. In 


fact, there are many intermediate forms of the Stras- 
burger types. Often, it is difficult to make the right 
assignment (Fig. 4.7). Further types were found in 
species with successive cambia: in the case of Bougain- 
villea spectabilis (Fig. 4.7d), for example, single vascu- 
lar bundles pass through the pith, before joining up to 
form a closed “vascular bundle ring” whereas in the 
liana Pueraria hirsuta, the xylem is reorganized when 
secondary thickening starts. If a systematic search 
were made, further kinds of arrangement of primary 
vascular bundles and of secondary thickening would 
probably be found, especially in types with successive 
cambia (Carlquist 1988). 

The relationship between the often species-specific 
pith shape and the primary vascular bundles varies. 
The star-shaped pith of conifers corresponds to the 
Aristolochia type, however, without producing broad 
medullary rays (Fig. 4.8a). In deciduous woody plants, 
the corresponding types have no relationship to the ar- 
rangement of the primary vascular bundles. In angio- 
sperms, all Strasburger types are present (Fig. 4.8b-d). 
The pith shape is modified by the disposition of leaf 
traces (Fig. 4.8d) and adventitious sprouts (Fig. 4.8e). 
The growing force of the apical meristem is expressed 
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in the pith size. Fast-growing shoots, especially cop- 
pice shoots, have a large pith, whereas slow-growing 
shoots, especially short ones, have a small pith. Most 
pith shapes of central European woody species were 
described in Schweingruber (1978). Steinbéck (1926) 
mainly worked with conifers. 


4.2 
Ontogenetic and Physiological Ageing 
of Wood 


4.2.1 
Definition of the Term Ageing 


Dendrochronological research, and in particular den- 
droclimatology, must face the fact that radial growth 
depends on age and site conditions. The term “age 
trend” is used for all age-dependent changes. Stan- 
dardizing smoothing curves and filters aim to separate 
the biological signal from the climatological one con- 
tained in the tree-ring time series (Cook and Kairiuk- 
stis 1990). This is sufficiently successful when using 
samples, but it seldom succeeds in individual cases. 

The question of ageing has often been considered in 
a biological context (Huber 1961). Today’s knowledge 
is based on studies of upright shoots (apical shoots 
and stems) of few species. 

According to Bosshard (1984), quantitative (revers- 
ible) ageing is expressed in the slowing down of cell 
division processes, in cell differentiation and in the 
formation of secondary and tertiary walls. He sees 
qualitative (irreversible) ageing expressed in the loss 
of protoplasts, complete lignification and the loss of 
the cell division capacity. 

As these process-oriented considerations cannot 
directly be applied to anatomical structures, Rendle 
(1958) coined the terms “juvenile wood” and “adult 
wood” to classify age-dependent structures, and de- 
fined them as follows: “Juvenile wood is that period 
of growth characterized by a progressive increase in 
cell dimensions. Adult wood is characterized by cells 
of more or less constant size.” Baas and Bauch (1986), 
however, found that tracheid lengths increased con- 
tinuously even in 2,000-year-old Pinus longaeva. 

All observations of earlier studies on age-dependent 
structural changes fit in well with Rendle’s (1958) defi- 
nition: with increasing age, Sanio (1863) found an in- 
crease in tracheid diameter and length in conifers (af- 
ter Wilson and White 1986), whereas Trendelenburg 
and Mayer-Wegelin H (1955) observed an increase of 
pore size in ring-porous wood and Peszlen (1994) in 
diffuse-porous wood (Fig. 4.9). In contrast, Leal et al. 
(2003) found from pith to bark a decreasing number 


cambium 


primary rays 


b primary rays secondary rays 
A Fig. 4.6. Main types of the beginning secondary thicken- 
ing in sprouts. Left: Phase without secondary thickening. Right: 
Phase with secondary thickening. Primary xylem or phloem 
(black); secondary xylem or phloem (hatched). a Linum type. 
The primary vascular bundles are separated from each other 
by broad, primary medullary rays. With the formation of an in- 
terfascicular cambium, a closed cambium ring is produced. b 
Tilia type. The primary vascular bundles are connected with an 
interfascicular cambium right from the start. (After Strasburger 
et al. 1958) 


of vessels and an increasing vessel area in 7-year-old 
Eucalyptus globulosus trees. 


4.2.2 
The Effects of Environmental Factors on Ageing 


In studies which focused on a biological and/or an 
anatomical angle, any reference to ecology was virtu- 
ally ignored. Next, the principal environmental factors 
which influence the speed and differentiation of the 
processes are listed. 


4.2.2.1 
Variable Speed of Ageing Within the Tree Crown 
and the Root System 


Every tissue and organ within a tree, such as tracheids, 
parenchyma, twigs and roots, is subject to an individ- 
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< Fig. 4.7. Start of secondary thick- 
ening in sprouts, divided into the 
Strasburger types. a Aristolochia type. 
Between the primary vascular bundles 
there are wide true medullary rays. 
Old-man’s beard, Clematis vitalba (25:1). 
b Linum type. Between the primary vas- 
cular bundles, initially an indication of 
broad medullary rays is found, which in 
most cases quickly become narrow rays. 
Hornbeam, Carpinus betulus (100:1). 
Between the primary vascular bundles 
lie zones with few pores, which develop 
into bundled rays. ¢ Tilia type. Between 
the primary vascular bundles there is 
only an indication of, or there are no, 
primary medullary rays. A distinction 
between this and the Linum type is, 
however, not always possible. Common 
walnut, Juglans regia (100:1). d Bou- 
gainvillea type. Before a closed vascular 
bundle ring with successive cambium 

is formed during secondary thickening, 
individual collateral vascular bundles 
pass through the pith. Bougainvillea 
spectabilis, Nyctaginaceae (40:1) 
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A Fig. 4.8. Shape and size of pith area and its relationship to the primary vascular bundles. a Star-shaped pith areas. Scots pine, 


Pinus sylvestris (25:1). The indentations of the pith lie between the wide, primary vascular bundles. b The triangular pith is typical 
for the genus Alnus. Gray alder, Alnus incana (25:1). c Round pith areas. Common barberry, Berberis vulgaris, short shoot (25:1). d 
Variations of pith shapes and sizes within a tree (Schweingruber 1976). Common ash, Fraxinus excelsior. 1-5 Slowly grown apical 
shoot. 1-4 Variation within 30 cm and 14 years. 5 Short shoot. 6-9 Fast-grown apical shoot. Variation within 30 cm and 4 years. 
10-13 Fast grown apical shoot. Variation within 70 cm and 4 years. Especially below the lateral ramification of the sprout, pith areas 
which are drawn sideways are formed (1 and 12). The largest pith areas occur in fast-growing (12 and 13), the smallest ones in slow- 
growing (5) shoots. e Common ash, Fraxinus excelsior, 1-year-old long shoot. Cut through a node (20:1). Mechanical stress and wa- 
ter requirement in main and lateral sprouts changed the shape of the pith area and caused the particular arrangement of the vessels 
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< Fig. 4.9. Frequency graphs of tan- 
gential vessel diameters in the early- 
wood of elms of different ages. Between 
3 and 60 years of age, the vessel diameter 
increases from an average of 100 to 

300 yum. It is assumed that the diagram 
refers to seedlings. (After Trendelenburg 
and Mayer-Wegelin 1955) 
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ual ageing process. In most cases, this soon leads to the 
death of the cells or organs. This predetermined cell 
death and necrobiosis allows the formation of a per- 
fectly functioning crown (see also Sects. 4.3.3.3, 4.3.4). 


4.2.2.2 
Speed of Ageing Under Various Site Conditions 


Ageing processes take place at different speeds. Op- 
timal growing conditions, for example, full light and 
deep, nutrient-rich, damp soils, give rise to rapid age- 
ing. Under these conditions, after only a short time, 
trees reach sizes which exceed the organs’ physiologi- 
cal and mechanical capacities. 

Conditions which cause minimal growth inhibit 
ageing processes. Trees growing on sites with restricted 
resources, such as bogs, rocky outcrops, dry regions 
or heavily shaded locations, grow slowly and reach a 
more than optimal size only after a very long time. In 
contrast, trees growing under optimal ecological con- 
ditions do not reach great ages. The biological age of 
a tree is hardly linked to astronomically determined 
age (the number of tree rings). This age is, however, 
of little relevance to the physiological age. The maxi- 
mum tree ages cited in the literature usually refer to 
stressed individuals (Molisch 1938; Schweingruber 
and Poschlod 2005). 


4.2.2.3 
Genotypic Ageing 


Every taxon has its own speed of ageing and age limit. 
In this way, the “clock” runs fast for poplars and slow 
for Cembran pines and Bristlecone pines. 


60 years 


u 400 


4.2.2.4 
Cell-Specific Ageing in the Xylem 


Within the xylem, individual cell types age at different 
speeds (Bosshard 1984). Examples are earlywood ves- 
sels, which survive for just a few weeks, or ray paren- 
chyma cells in the sapwood, which last several decades, 
for example 130 years in the sapwood of Sequoiaden- 
dron giganteum. 


4.2.3 
Anatomical Differences Between Juvenile 
and Adult Wood 


In theory, any definition of juvenile and adult should 

make reference to the ontogenetic and physiological 

age. On the basis of a simple diagram, Duff and Nolan 

(1957) showed how, during the dendroecological anal- 

ysis of stems, the ontogenetic and physiological ageing 

of the cambium can be taken into account (Fig. 4.10). 
The ontogenetic age refers to the formation of the 

primary meristem, i.e., the time of germination. The 

physiological age refers to the number of cell divisions 
of the secondary meristem (cambium). If it is assumed 
that a tree originated from seed, the following rela- 
tionship exists between ontogenetic and physiological 

ageing (Fig 4.10): 

1. From the center to the bark, at the height of the ger- 
mination stem, ontogenetic ages increase. 

2. The youngest ring at the outside of the stem is onto- 
genetically old and physiologically young. 

3. Following the pith area, from the height of the ger- 
mination stem up to the tip of the crown, the cells 
at the vegetation point of the crown are ontogeneti- 
cally old but physiologically young. 
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Vertical coppice shoots must be mentioned here, 
the first tree rings of which are ontogenetically old 
though physiologically young. These are included in 
the comparisons made here, because, at least mechan- 
ically, they may be compared with a vertically growing 
seedling. On the basis of these theoretical consider- 
ations, it should be easy to relate the ontogenetic and 
physiological ageing phases to anatomical structures. 
Even the comparison of material with ecologically 
similar contexts will, however, never be successful, be- 
cause of the different mechanical stress along each axis 
(Fig. 4.10), and the varying ecological and physiologi- 
cal conditions, for example, at the stem base or at the 
tip of a twig. Despite these reservations, a comparison 
is attempted by looking at perfectly grown samples of 
five species (Fig. 4.11): 

1. Seedlings from seedbeds with an optimal supply of 
nutrients, water and light 

2. Vertically grown coppice shoots from coppice 
stools located in an optimal, isolated position 

3. Stem wood of dominant, straight trees with wide 
tree rings 


The few examples given confirm the observations 
of earlier authors, especially Sanio (1863), who found 
that tracheids and pores are smaller in juvenile than in 
adult wood. But recently Grabner and Wimmer (2006) 
came to the conclusion that no general pattern exists 
which defines juvenile or adult wood in Norway spruce. 
Braun's (1955) findings that with increasing tree age 
the rays become higher were also confirmed. In oaks, 


< Fig. 4.10. Ontogenetic and 
physiological ageing of the xylem 
within the tree: 1 pith to bark, 3 
along the central pith, 2 along a 
tree ring of a certain year Duff 
and Nolan (1957). 
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very broad rays are characteristic of the adult phase 
(see also Sect. 4.3.2.2). Only rarely ageing is expressed 
qualitatively (libriform fiber groups in juvenile wood, 
Fig. 4.12). Generally, the ground tissue cells of juvenile 
wood have thinner walls than those of adult wood. This 
is due to higher shear stress in small (juvenile) trees and 
higher tension and compression stress in big (adult) 
trees (Wimmer, personal communication). 

The distinction between juvenile and mature is 
never certain, since a seedling must form a root sys- 
tem at the same time as it forms a shoot. However, in 
the case of a long coppice shoot, the root system has 
already been provided by the mother tree. 

It can be assumed that ageing processes are tissue- 
specific. The existence of physiological ageing may be 
proved by a few taxa of varying systematic position. 
In Carpinus betulus, Ostrya carpinifolia, Alnus viridis 
(Betulaceae; Briichert et al. 1994), Helleborus foetidus 
(Ranunculaceae) and Tilia cordata (Tiliaceae), groups 
of libriform fibers are present at the tree-ring bound- 
aries of physiologically young structures (Fig. 4.12). 
These juvenile elements are no longer found in adult 
parts of the xylem. In these species, the process of 
physiological ageing must be confronted with time. 
Early disappearance of libriform clusters points to a 
fast ageing process, and late disappearance to a slow 
ageing process (Fig. 4.13). 

The driving force of the ageing processes (senes- 
cence) are well understood for cells and annual plants, 
but many questions remain for perennial plants. Lar- 
son (1969) claimed a relationship between cambium 
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Table 4.1. Anatomical characteristis of saplings, coppice shoots and adult stem wood. 


The table corresponds with Fig. 4.11 


Species Juvenile Adult 

Seedling Coppice shoot Stem wood 
Norway spruce, Size of the early- Size of the early- 
Picea abies wood tracheids wood tracheids 
(Fig. 4.1 1a, b) 8-12 um 18-25 um 
Oak, Quercus sp. Semi-ring-porous _Ring-porous Ring-porous 
(Fig. 4.11c-e) Pore size<50um __— Pore size Pore size 

50-100 um 200-400 um 


Common beech, 
Fagus sylvatica 
(Fig. 4.11f-h) 


Diffuse-porous to 
semi-ring-porous 
Pore size 

40-60 um 

Ray uniseriate and 
multiseriate 


Diffuse-porous to 
semi-ring-porous; 


Pore size 40-60 um 


Ray uniseriate and 
multiseriate 


Diffuse-porous to 
semi-ring-porous 
Pore size around 
100 um 


Ray uniseriate and 
multiseriate 


< Fig. 4.12. Groups of libriform fibers 
at the tree-ring boundaries of juvenile 
woody plants. Tilia cordata, Tiliaceae. 
Young plant, Ticino, Switzerland (120:1) 


> Fig. 4.13. Slow ageing process of 

a hedge plant. Hornbeam, Carpinus 
betulus. Birmensdorf, Switzerland 
(20:1). The libriform fiber groups at the 
tree-ring boundaries are very distinct up 
to the 13th year (arrow), and disappear 
only with the 20th year 
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and leaf mass: the closer the leaves to the cambium, 
the more juvenile the structure. According to my find- 
ings (Fig. 4.11, Table 4.1), this hypothesis is only partly 
correct. It rather depends on the phenological condi- 
tion and the speed of shoot growth. 

This is shown by comparing long and short shoots 
(Sect. 4.3.2.2). In fast-grown, old, long shoots with 
many leaves, the vessels are usually large and the rays 
are broad, meaning these elements are of adult char- 
acter. In short shoots with many or few leaves, and in 
densely shaded, older, small plants, both vessels and 
rays appear small; these elements have juvenile char- 
acter (Sect. 5.4.1). 

Taxonomically oriented, wood anatomical research 
has often ignored the subject of ageing; this is seen 
by observing pictures in the many wood anatomical 
atlases that include the whole woody plant range of 
an area (e.g., Fahn et al. 1986; Schweingruber 1990). 
Often, juvenile structures near the pith are compared 
with adult ones. In future works, and in particular in 
all individual studies, the well-known phenomenon of 
ageing must be put into an ecological context and re- 
lated to the morphology of woody plants. 


4.3 
Branches and Twigs 


4.3.1 
The Dendrochronological Importance 
of Branches and Twigs 


Crown architecture is in part an expression of the eco- 
logical conditions present during tree growth. Payette 
(1974) and Bégin (1991) dated the origin and death of 
Black spruce (Picea mariana) branches from the Ca- 
nadian northern timberline relative to wind and snow 
conditions. Forward and Nolan (1964) analyzed the 
dynamics between length and radial growth of pine 
branches exposed to different light conditions. Only 
in very few comprehensive studies, such as those by 
Krause (1992) and Glock (1937), branches were in- 
cluded in dendrochronological cross-dating. Branch 
growth in relation to mechanical stress has been ex- 
tensively studied (Timell 1986; Chap. 6). 

Regarding the usefulness of branches for dendro- 
chronological dating, authors have different views 
(Glock 1937; Krause 1992) This is explained by the 
fact that, especially in temperate climates, endogenous, 
physiological and age-dependent processes which are 
directed by mechanical stress, and locally variable 
light and water conditions have a greater influence on 
tree growth than regional climatic conditions. Inten- 


sive mechanically stressed branches are less suited for 
dendroclimatological studies than thick, hardly me- 
chanically stressed branches. 


4.3.2 
Bud-Scale Scars and Tree Rings in Long 
and Short Shoots Expressing Crown Dynamics 


Roloff (1985) defined the terms for beech as follows: 
Short shoots might have length between a few mil- 
limeters and a few centimeters, and form exclusively 
dormant, latent buds. For this reason they do not 
branch out in the following years (Figs. 4.14, 4.15). 
Long shoots grow much longer and bear normally de- 
veloped lateral buds; therefore, they branch out in later 
years. Long shoots may become short shoots and vice 
versa (Fig. 4.14a). 


4.3.2.1 
Bud-Scale Scars 


The annual shoots are separated from each other by 
bud-scale scars (Figs. 4.14, 4.15). Short and long shoot 
phases are closely correlated with tree-ring width. 
Very narrow rings in twigs indicate short shoot phases 
and vice versa. A distinction on the basis of the tree 
rings alone is, however, not possible. 

Any dating based on bud-scale scars is, however, 
of limited success, because expansion and periderm 
formation cause the marks along the twigs to disap- 
pear. In shoots with limited thickening, dating may 
be successful up to about 25 years back, whereas 
in fast-growing shoots the scars are indistinct after 
only a few years. Not all species of central European 
woody plants have distinct bud-scale scars. In beech 
and mountain pine (Fig. 4.15) they are very distinct. 
The shoot’s age can be more accurately dated by us- 
ing bud-scale scars rather than rings, since the plant 
produces a shoot with leaves every year, but not nec- 
essarily a ring. Lohr (1969), Lischer (1998), Schone 
and Schweingruber (1999) as well as Hoffmann and 
Schweingruber (2000) found that even in ring-po- 
rous species, such as ash and oak, in very shaded sites, 
the number of annual shoots is greater than the num- 
ber of tree rings. In pendulous spruce shoots, Gru- 
ber (1992) found more annual shoots than tree rings 
(Fig. 4.16). 

Age determination of shoots, for example, in the 
tree crown or in young plants, is more accurate and 
faster on the basis of bud-scale scars than tree rings 
(Hoffmann and Schweingruber 2000). Only when the 
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A Fig. 4.14. Shoot morphology of beech, Fagus sylvatica. 


a Long shoot of beech with bud-scale scar (circle), alternate 
leaves and lateral buds, true terminal bud. Partial enlargement: 
bud-scale scar of the long shoot as the boundary of the annual 
shoots of 1983 and 1984. b Nine-year series of short shoots of 
a beech without ramification and with a dense, terminal leaf 
cluster. Partial enlargement: tree-ring boundaries of the short 
shoots distinctly marked by the bud-scale scar, dormant lateral 
buds (latent buds). (After Roloff 1985) 


shoot is older, bud-scale scars are no longer visible; 
therefore tree-ring analyses become indispensable. 


4.3.2.2 
Tree Rings in Long and Short Shoots 
in Four Different Tree Species 


The anatomical structure of long and short shoots differs 
markedly. This is seen in particular in the photographs 
in Fig. 4.17. Table 4.2 summarizes the differences. 

The slow growth of short shoots appears to slow 
down the ageing process. In most species, small vessel 
size and narrow rays permit the assumption that the 
wood of short shoots - even if they are decades old - 
remains in a juvenile state. 

As already determined by Huber (1961), the age- 
ing process in species with mainly wide rays (oak, 
Fig. 4.17a-c, Table 4.3; beech, Fig. 4.17d-f, Table 4.4) 
is expressed in ray dilatation. With increasing age, 
beech forms a two-class-system of medullary rays: 
uniseriate or biseriate, and multiseriate. 

Particularly in short shoots, the cambium’s reac- 
tion to changing environmental conditions is limited. 
Short shoots of densely shaded plants (Figs. 4.17), or 
of plants on dry sites with good light conditions are 
hardly able to react; each ring is as narrow as the oth- 


A Fig. 4.15. Length growth on twigs. The annual growth incre- 


ment can be determined on the basis of the bud-scale scars which 
circle the twig (arrows). a Short shoot of mountain pine, Pinus 
mugo. The little humps along the twig are leaf scars, whereas the 
horizontal lines (arrows) are bud-scale scars. b Short shoot of 
beech, Fagus sylvatica 


ers. Short shoots of shaded plants on sites favorable 
to growth react to improved light conditions, for ex- 
ample, after thinning (Fig. 4.18). Since improved light 
conditions also stimulate apical shoot growth, short 
shoots may become long shoots even after decades 
(Fig. 4.18b). 

In contrast, a change from long to short shoots oc- 
curs much more frequently. Often shoots start as long 
shoots, and 1 or 2 years later change over to a short- 
shoot phase (Fig. 4.19). 

Even in times of minimal growth, short shoots are 
capable of forming reaction wood. Eccentric growth 
and the formation of tension wood were observed in 
all short shoots examined. 

Growth phases cause structural changes as shown 
by Zurcher (1986) on long shoots of seedlings. In 
ring-porous species, a latewood pore ring is closely 
connected to the formation of an intra-annual second 
growth phase of long shoots. 
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A Fig. 4.16. Comparison between the age determination of pendulous shoots in spruce (Picea 


abies) on the basis of bud-scale scars and tree-ring dating. Birmensdorf, Switzerland. a Pendulous 


shoots on horizontally grown (plagiotropic) branches. b Section across the areas most unfavorable 


to growth in the 11th annual shoot. In b, eight from eleven tree rings were formed (100:1) 


Table 4.2. Anatomical characteristics of long shoots and short shoots. The table corresponds with Fig. 4.17 


Long shoots (from seedlings, 
coppice shoots, twigs) 


Short shoots 


Tree rings 


Pith size 
Pith shape 


Pore arrangement in the earlywood 


Pore size in the earlywood 


Pore arrangement in the latewood 


Ray 


Wide, up to several millimeters 


Large 
As in short shoots 


In ring-porous and diffuse-porous 
shoots continuous ring 


Relatively large, but smaller than in 
the stem wood 


Mostly as in the adult stem wood 


Narrow, broadens quickly 


Narrow, often smaller than 0.05 mm 
and discontinuous 


Small 
As in long shoots 


Especially in ring-porous shoots often 
discontinuous 


Small, mostly the diameter is 1-2 times 
smaller than in long shoots 


Mostly single, pores often absent. The 
arrangement typical of stem wood is 
missing 

Mostly narrow, even in several-year-old 
shoots. Exceptions: beech, ivy 
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Table 4.3. Anatomical characteristics of different long shoots and short shoots of oaks. The table corresponds with Figs. 17a—c 


Feature and Long shoot seedling Longcoppice shoot — Long shoot Short shoot 

characteristics on branch 

Pith shape 5-pointed 5-pointed 5-pointed 5-pointed 

Pith size (diameter) Up to2 mm Up to 2mm Up to 1mm Up to 1 mm 

Ring width Up to3 mm Up to 3 mm Up tol mm 0.05-0.2 mm 

Countability Good Density variations) Good Doubtful 

Discontinuous rings None None Possibly Often 

Pore size in the early- Up to 150 um Up to 150 um Up to 100 um 20-30 um 

wood 

Ray width Uniseriate Uniseriate Uniseriate Uniseriate 
Easily confused with Easily confused with Easily confused with Easily confused with 


Species determination 


Castanea because of 
absent broad rays 


Castanea because of 
absent broad rays 


Castanea because of 
absent broad rays 


Castanea because of 
absent broad rays 


Table 4.4. Anatomical characteristics of different long shoots and short shoots of beeches. The table corresponds with Figs. 17d-f 


Feature and Long shoot seedling Longcoppice shoot Long shoot Short shoot 
characteristics on branch 
Pith shape Round with few edges Round with few edges —_ Generally polygonal Generally polygonal 


Pith size (diameter) 
Ring width 
Countability 
Discontinuous rings 


Pore size in the early- 
wood 


Pore arrangement in 
the latewood 


Ray width 


Species determination 


Comments 


4.3.3 


The Elimination of Branches and Twigs 


4.3.3.1 


(metaxylem) 
Up to3 mm 
Up to4mm 
Good 
None 


Up to 150 um 


Clusters, oblique and 
tangential bands 


2-3 
Good 


Growth Phase Before Death 


From an evolutionary point of view, the death and 
shedding of branches has proved to be an important 
factor in the formation of a photosynthetically per- 
fectly functioning crown. The forestry term for this is 


natural pruning. 


(metaxylem) with rounded edges with rounded edges 
Up to 3 (4) mm Up to2 mm <15mm 

Up to 8mm Up to2mm 0.05-0.2 mm 

Good Good Usually possible 
None None Locally 

Up to 200 um Around 100 um 30-50 um 

Clusters, oblique and Single Single or absent 
tangential bands 

2-3 1-2 1(2) 

Good Good Good 


Strong tylosis of older _—_ Strong tylosis of older 


vessels vessels 


It is obvious that lack of light favors mortality (Gru- 
ber 1992), but it is doubtful that this is the only reason. 
Forward and Nolan (1961) suspect that apical domi- 
nance is the cause. The process of dying has been ana- 
lyzed very little from a dendrochronological and not 
at all from a wood anatomical point of view. 

Branch growth prior to death is characterized by 
several indicators which all point towards reduced 
vitality. Apart from very few exceptions, growth de- 
creases suddenly. This growth reduction phase may 
last 1 year (Figs. 4.19, 4.20) or several years (Fig. 4.21, 
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Long shoot phase 
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Long shoot phase 


Short shoot phase 
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A Fig. 4.18. Effects of stimulated growth caused by improved 
light conditions. a Sweet chestnut, Castanea sativa. Arcegno, Ti- 
cino, Switzerland. Small adventitious sprout on the main stem 
(20:1). b Common beech, Fagus sylvatica. Birmensdorf, Switzer- 
land. Branches on the main stem (17.5:1). Branches in the dense 
shade of a tree crown grow very slowly. The radial growth of 
branches remaining like short shoots often only makes up two 
or three cell rows; discontinuous or missing tree rings are not 
rare even in ring-porous species (arrows). A sudden improve- 
ment in the light conditions triggers an abrupt growth release. 
This is linked to increased apical shoot growth; often short 
shoots become long shoots 


A Fig. 4.19. a Dying phase, lasting 1 or 2 years, with abrupt 
growth reduction in living, isolated 1.5-cm-thick hornbeam 
branches (Carpinus betulus), from the lower part of the crown. 
Birmensdorf, Switzerland (20:1). After 2 or 3 years, growth 
diminishes abruptly by over 90% (arrow). b Excerpt from a 
(100:1). The abrupt growth reduction only consists of a reduced 
number of cells. There are no structural changes 
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Top side of branche 
Bottom side of branche 


A Fig. 4.20. Abrupt growth reduction lasting 1 or 2 years prior to death, in dead spruce branches grown in the darkest part of the 
crown. Both top and bottom sides of the branch are shown. Picea abies. A 20-year-old spruce plantation with small (1-m) plant- 
ing distance. Birmensdorf, Switzerland (40:1). After 1 year of a sudden decrease in growth, death occurred either during winter 
dormancy or at the beginning of the vegetation period (b, top), simultaneously at the top and bottom sides of the branch (a). Light 
earlywood and very dense latewood are characteristic of tree rings in the top part of the branch. Dense earlywood, sometimes with 
compression wood cells, and relatively light latewood are typical of the tree rings on the bottom side of the branch 


Top side of branche 
Bottom side of branche 


A Fig. 4.21. Abrupt decrease in growth lasting 1 or 2 years after a continuous phase of growth reduction of several years’ duration, 
in dead spruce branches (Picea abies) grown in the darkest part of a spruce thicket. Mariazell, Austria (25:1). Top and bottom sides 
of the branch are shown. Often cambial activity in the top and bottom parts is not interrupted at the same time. In a, on the bottom 
side of the branch, the cambium is active 6 years longer than on the top side. Note the large difference in the proportion of latewood 
in the top and bottom parts. Constant mechanical stress at the bottom side of the branch leads to a greater proportion of latewood 
and to the formation of compression wood 
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4.22). According to Gelinsky (1933), growth reduc- 
tions are accompanied by many missing or discontin- 
uous tree rings. The moment of death cannot always 
be exactly dated, as the very small tree rings typical of 
the dying phase are often discontinuous. 

The last cells are formed during dormancy (Fig. 4.23). 
The differentiation process is rarely disturbed. Very 
rarely, traumatic resin ducts are formed prior to death 
(Fig. 4.24). There seems to be an increased capacity to 
react to environmental changes (Fig. 4.25). The thin 
bark would appear to afford little protection against 
extremely low temperatures and, in fact, often frost 
rings are found in branches though not in the stems of 
young plants. However, frost neither triggers the dy- 
ing phase nor does it cause death. 

Example 1: Hornbeam (Carpinus betulus) branches 
grown under optimal light conditions. During the 
first 3 years of life, normally leaf-bearing branches of 
planted, unpruned hornbeams, grown under good 
light conditions, formed 2-3-mm-wide tree rings. Af- 
ter that, growth was reduced abruptly, by over 90% 
(Fig. 4.19a, arrow). An internal factor triggered the 
change from a long-shoot to a short-shoot phase. No 
important structural changes take place. Possibly, the 
terminal ground tissue cells with heavily thickened 
cell walls, which are typical of juvenile tree rings, will 
disappear (Fig. 4.19b, arrow). 

Example 2: Dead spruce branches (Picea abies) 
from a natural thicket. At the beginning, growth di- 
minishes steadily. Often, but not always, death is an- 
nounced by a short dying phase (Fig. 4.21, arrows). 
The moment of death cannot always be accurately 
dated because, in the dying phase, the very small tree 
rings are often discontinuous (Fig. 4.22a). Death oc- 
curred in the winter (Fig. 4.23), after a 1-year growth 
reduction. 

Example 3: Dead Cembran pine branches (Pinus 
cembra) with a growth reduction phase, prior to death, 
that lasted several years (Fig. 4.22). 


4.3.3.2 
Compartmentalization of Dead Branches 
and Twigs 


Every dead branch and twig is considered a foreign 
body by the tree and is, therefore, isolated by com- 
partmentalization (Fig. 4.26). According to Gelinsky 
(1933), the tree’s first reaction to the presence of dead 
wood is the production of chemical barriers. This is 
followed by accelerated growth of basic tissue (branch 
or twig), combined with a change in the fiber direc- 


tion. In this way, collarlike callus margins are formed. 
The beginning of the scarring-over process can be 
determined and dated in transversal sections on the 
basis of a change in fiber direction and structural 
changes (Fig. 4.26 and double arrows). If the dead 
part breaks off near its base, the stump is overgrown 
quickly (Fig. 4.27a). Owing to effective chemical bar- 
riers, the basic tissue of twigs remains healthy over 
many years. 

In shrub species with very dense 1-year-old 
branches, for example, Ericaceae, which, therefore, 
also eliminate 1- or 2-year-old shoots quickly, the 
stumps of latent branchlets inhibit growth. Often the 
callus margin does not close because the cork mantle 
never breaks up. The little stems remain “perforated” 
even after decades (Fig. 4.27b). 


4.3.3.3 
Active Shedding of Short Shoots (Cladoptosis) 


The active rejection of organs is very common in 
flowering plants (Pfeiffer 1928). Well known, and 
most often described, is the process of leaf shedding. 
(leaf abscission) The shedding of twigs is particularly 
known in the central European genera oak ( Quercus 
sp., Fig. 4.28a) and poplar (Populus sp., Fig. 4.28b) 
(Hartig 1851; von Mohl 1860; Héhnel 1880; Biisgen 
1927). In more recent times, in particular Héster et 
al. (1968), B6hImann (1970a-d), Addicot (1981) and 
Roloff (1989) described this phenomenon. According 
to Héster et al. (1968), in central Europe, trees shed 
especially 3-8-year-old short shoots. Anatomically, 
the break-off point differs markedly from that of the 
twigs. According to Bohlmann (1970a-d), the tissue 
consists mainly of parenchymatous, mechanically 
not very stable cells. The high osmotic effect of the 
starch-free, sugar-rich cell deposits gives rise to fully 
turgescent tissue, which guarantees stability (Bohl- 
mann 1970a-d). At the break-off point, the rays are 
broad, there are hardly any ring pores, the proportion 
of lignified fibers is low and the tree-ring boundaries 
are indistinct. Before the shoot is shed, a divisionary 
layer of unlignified cells is formed out of reactivated 
parenchyma cells from the bark and pith. In poplars 
and oaks, it is an analogous to the phellogen. It forms 
three to four rows of cork cells on the outside, and at 
most one or two rows of periderm cells on the inside 
(H6ster et al. 1968; Fig. 4.28b). According to Roloff 
(1989), the shedding of branches is a kind of purg- 
ing mechanism of the tree, similar to the shedding of 
leaves in other species. 
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Top side of branche 
Bottom side of branche 
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A Fig. 4.22. Dying phase lasting several years, with abrupt growth reduction, in old, dead branches in a fairly open stand. Top 
and bottom sides of the branch are shown. Cembran pine (Pinus cembra), dead branches from a fairly open, old stand. Cortina 
d'Ampezzo, Italy (25:1). The growth reduction is particularly abrupt, of long duration and continuous on the bottom side of the 
branch (a, b, bottom). On the top side of the branch, the growth reductions are often less distinct (b, top), sometimes synchronous 
to the bottom side (b, bottom) and not continuous. Cell wall growth of the latewood is even reduced on the compression wood side 
(a, b, bottom) 


A Fig. 4.23. Season when death occurred in the spruce branch A Fig. 4.24. Final tree rings of a dead spruce branch (100:1). In 
(100:1): the tree died during winter dormancy, after latewood _ the early summer, the branch formed a few earlywood cells and 


formation was completed resin ducts before it died 
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> Fig. 4.25. Increasing 
sensitivity with increasing 
branch age. Dead conifer 
branches in a tropical climate. 
Pinus eliotti. Cairns, Australia 
(20:1). The branches of 
unknown age initially do not 
form clearly distinct growth 
zones or density fluctuations. 
With increasing age, more 
distinct density fluctuations 
occur, and in the final period 
of life mostly tree-ring-like, 
narrow growth zones are 
formed. Sensitivity increases 
and growth decreases 


> Fig. 4.27. Scarred-over branches. 

a Sycamore, Acer pseudoplatanus. Oggio, 
Ticino, Switzerland (20:1). The dead, 
latent short shoot was isolated from 

the living tissue by chemical barri- 

ers (arrow). Fast-growing basic tissue 
completely overgrew the branch stump 
within 1 year. b Incomplete scarring over 
of short-lived latent branches. Heather, 
Calluna vulgaris. Ticino, Switzerland 
(25:1). The branches only lived for 

1 year; after that, the tree rings border 
on parenchymatous tissue without pores 
(arrow in a). This tissue, which on the 
outer side is bordered by a cork layer 
(light-colored “fibers” on both sides of 
the stump in a), prevents the scarring 
over of the branch stump 


A Fig. 4.26. Dead latent short shoot. Sycamore, Acer pseudo- 
platanus. Oggio, Ticino, Switzerland (15:1). Transversal cut 
across a short shoot. The dead tissue is protected against decay 
by a chemical barrier (arrow). Death can be dated on the basis of 
the changed fiber direction (two arrows) 
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A Fig. 4.28. a Actively shedd short shoots of sessile oak, Quercus petraea. Birmensdorf, Switzerland. At the break-off point, the 
position of attachment of the short shoot on the tree is thickened like a foot (Photo: Schoch). b Division (arrow) between the main 
shoot (/eft) and the short shoot (right) of a poplar, Populus sp. (50:1) (Héster et al. 1968). On the stem side (left), the “cork cambium” 
(arrow) formed a few rows of cork cells which, after the short shoot has been shed, will protect the new outside edge of the wound. 


On the twig side, unlignified parenchyma cells are found (Héster et al. 1968) 


4.3.4 
Shoot Metamorphism 


4.3.4.1 
Short Shoots in Conifers 


In many genera of conifers and deciduous woody 
plants, the formation of short shoots is genetically 
determined, though not mandatory. The age of larch 
and cedar short shoots can only be determined on the 
basis of the needle whorl (Fig. 4.29a) and chambers 
in the pith (Fig. 4.29b). The xylem does not contain 
any growth rings (Fig. 4.29c). Rings form only when a 
short shoot becomes a long shoot. This change, how- 
ever, is only possible after 20 years. 


4.3.4.2 
Thorns on Deciduous Woody Plants 


Thorns on deciduous woody plants are metamor- 
phized short shoots whose apical meristem has died 
and become sclerified (Fig. 4.30). The short shoots, 
which were metamorphized already during the year 
of their formation, do not contain vessels. All ground 
tissue cells have very thick cell walls (Mittmann 1888; 
Fig. 4.31). When the thorns grow leaves, growth zones 
are formed. 

Those thorns which were not definitely designated 
from the beginning, take on an ambiguous position 
somewhere between long shoot and thorn. 


4.3.4.3 
Spheroblasts 


Mostly at the bottom of the stem of conifers and an- 
giosperms, for example, in Castanea sativa (Fig. 4.32), 
on a short stalk closely attached to the tree, small to 
walnut-sized lignified bulbs are formed. These are, in 
fact, shoots which did not come out; the morphologi- 
cal indication for this is the large pith area. More or 
less absent vessels indicate that the water-conducting 
system was defective right from the beginning. As the 
shoot does not grow in length or produce leaves, as a 
result of missing hormonal regulation, twisted tissue 
is formed which is similar to callus tissue overgrowing 
a stem wound (Fig. 4.32). 


4.3.4.4 
Needle Traces 


The term “needle loss,” which is often used in connec- 

tion with forest decline research, gives rise to the fol- 

lowing questions: 

¢ In what way are needles connected to the stem? 
(Fig. 4.34) 

¢ How do leaf traces grow in relation to the radial 
growth of the stem? (Fig. 4.34) 

¢ For how many years do needles remain on a twig? 
(Figs. 4.35-4.36) 

e How do the needles separate from the twig? 
(Figs. 4.35, 4.36) 
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A Fig. 4.29. Short shoots on conifers. a Cedar of Lebanon, Cedrus libani, var. brevifolia, with three 8-9-year-old short shoots. c 
Longitudinal section through a short shoot of European larch (12.5:1). The age can be determined by compartments in the pith 


(arrows inside) and needle traces (arrow outside). b European larch, Larix decidua. Engadine, Switzerland (100:1). Cross section 


through a 22-year-old short shoot. No tree rings are discernible in the wood 


A Fig. 4.30. Thorn on_ blackthorn, 
Prunus spinosa. The leaves near the thorn 


are stunted. New ones have formed from 
an adventitious bud 


A Fig. 4.31. Thorns on deciduous woody plants. a One-year-old thorn without leaves 


(40:1). The tissue without pores and with thick-walled ground tissue cells is typical. 


Sea buckthorn, Hippophae rhamnoides. Engadine, Switzerland. b Two-year-old thorn 


with leaves on an olive long shoot. Olea europea, Algarve, Portugal 


¢ How is the leaf trace’s break-off point in the xylem 
closed? (Figs. 4.35, 4.36) 


The most detailed anatomical studies were carried 
out by Elliot (1937), Kestel (1961), Markfeldt (1885), 
Bohlmann (1970a-d) and Gruber (1992). The ecologi- 
cal and climatological importance of needle abscission 
was studied in particular by Kurkela and Jalkanen 
(1990), Jalkanen et al. (1995), Pouttu and Dobbertin 
(2000) and Falcon-Lang (2000). It is of dendrochrono- 
logical interest to know how the needles’ life span can 


be determined anatomically. The needles’ age can be 
determined by the break-off point of the needle trace 
and on the basis of the rings of the sprout (Fig. 4.33). 
After a needle has separated from the needle cushion 
by drying out, at an anatomically determined break- 
off point, radial needle trace growth ceases (Fig. 4.34). 
Owing to continuous cambial growth, the needle trace 
breaks off in the area of the cambium. The break-off 
point on the xylem side then becomes overgrown. 
The precision of the dendrochronological dating of 
needle shedding depends on the speed of radial xylem 
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A Fig. 4.32. Cross section through a 
spheroblast’s base on a sweet chestnut, 


Castanea sativa. Oggio, Ticino, Switzer- 
land (20:1). Typical characteristics are 
large pith, nearly vessel free wood and a 
fiber structure which in the center runs 
vertically and later horizontally 


> Fig. 4.33. Variable length and age of 
needle traces. a Scots pine, Pinus sylves- 
tris, apical shoot. Plantation, Birmens- 
dorf, Switzerland (10.5:1). Trace length 
15mm, covering two and a half tree 
rings. b Mountain pine, Pinus mugo, 
apical shoot. Cortina dAmpezzo, Italy 
(40:1). Trace length 1.1 mm, covering 
five tree rings 
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A Fig. 4.34. Position of the needle trace in a young spruce 
shoot (Gruber 1992). The xylem (x) of the needle trace origi- 
nates from the sprout xylem, the phloem (ph) in the primary 


phloem of the primary bark 


A Fig. 4.36. Variable duration from the breaking off of the nee- 
dle trace to the closure of the wound and to the normalization of 
the axial tissue. Norway spruce, Picea abies, apical shoot, raised 
bog (40:1). The break-off point is closed quickly and without 
change to the tissue 


A Fig. 4.35. Break-off point and scarring over of a needle trace. 
Scots pine, Pinus sylvestris. Birmensdorf, Switzerland (40:1). The 
abrupt break-off occurs after a short phase of not very intensive, 
radial elongation, at the beginning of the earlywood formation. 
The needle trace “pulls” the tree rings inside. The break-off point 
is closed, and the differentiation process becomes normal again, 
within a single growing season 


growth. In fast-growing shoots (Figs. 4.34a, 4.36), this 
dating is precise to the season, whereas in the case of 
slow-growing shoots, it is accurate to only 2-3 years 
(Fig. 4.34b). Dating should be more precise for spruce 
(Sander 1997), fir and juniper than for pines (Jalkanen 
et al. 1995). 


4.3.4.5 
Traces of Male Inflorescences in Conifers 


Male flowers are metamorphosed short shoots. With 
the formation of the male flower, the apical meristem 
is lost. Furthermore, as male flowers form more or less 
annually, they have an important role in crown archi- 
tecture. The flowers form on 1-year-old shoots. In con- 
trast to needle traces, the elongation of their axes on 
the side of the xylem is limited, so they cannot keep 
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up with tree-ring growth. After the male flower has 
dropped, the flower traces are broken up by cambial 
activity and become overgrown. In contrast to needle 
traces, these are hardly lignified at all, as they mainly 
consist of parenchyma cells, and the exact break-off 
point is more difficult to establish. Although the flow- 
ers already drop during the same growing season, the 
scarring-over process occupies the following year or 
two (Fig. 4.37). 


4.3.4.6 
Traces of Female Cones in Conifers 


Forest scientists have been interested in the climatic 
causes of mast years from the time when forest re- 
search started. Observations of mast years (Biisgen 
1927), measurements of tree-ring widths (von Jaze- 
witsch 1953; Holmsgard 1955) as well as the localiza- 
tion and dating of cone traces in Pinus sibirica (Vo- 
robjev et al. 1992) were confronted with the weather 
conditions. 


> Fig. 4.37. Overgrown traces of male 
flowers on mountain pine twigs, Pinus 
mugo ssp. prostrata, from the Engadine, 
Switzerland. a Overgrown traces of male 
flowers (between needle whorls) on a 
twig. b Cross section of an overgrown 
male flower. The generative shoots origi- 
nate in the pith, and are completely over- 
grown within 3 years at the latest (32:1) 


A prerequisite for the successful determination of 
the relationship between mast years and weather is the 
exact dating of the cone pedicle scars on the shoots. 
In Pinus species, female flowers originate from the 
apical meristem of long shoots. After the cones have 
matured and fallen off, the stumps are grown over. In 
two-needled species (diploxylon type), the moment of 
death can be determined anatomically with accuracy 
(Fig. 4.38); however, in the Cembran pine (haploxylon 
type) it cannot be established. Only the beginning of 
the scarring-over process is datable (Fig. 4.39). The 
death of larch cones (Larix decidua), which grow on 
short shoots, can be dated as being the moment when 
scarring over begins (Fig. 4.40). 


4.3.4.7 
Traces of Fruit Stalks in Deciduous Woody Plants 


After the release of the fruit, the fruit stalks remain on 
both twigs and stems of the tree for some time. The 
moment of stalk formation and its death can be dated 
fairly accurately from cross sections (Fig. 4.41) 
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< Fig. 4.38. Overgrown cone pedicle 
break-off point in mountain pine, Pinus 
mugo. Engadine, Switzerland (30:1). The 
break occurred at the beginning of late- 
wood formation during the fourth year. 
The scarring-over process is complete in 
the fifth year 


> Fig. 4.39. Cone pedicle break- 

off points on a slow-growing shoot. 
Cembran pine, Pinus cembra. Engadine, 
Switzerland (12.5:1). The cone pedicle 
broke off 7 years after its formation. A 
scarring-over period of several years’ 


duration followed 


A Fig. 4.40. Dating the death of larch cones on short shoots. Larix decidua. Tschierv, A Fig. 4.41. Fallen-off infructescence 
Graubiinden, Switzerland. a The fallen-off cone (arrow) originated froma latent shoot, stalks on 5-year-old ash (Fraxinus ex- 
probably during the fourth year of life of the sprout (two arrows). For 1 year, the cone __celsior) short shoots. Birmensdorf, Swit- 
induced increased radial growth. After the death of the cone, growth decreased rap- _zerland (12.5:1). Infructescence stalks 
idly, and scarring over began 5 years later (20:1). b Excerpt from a. The cone’s point are metamorphized sprouts. The infruc- 
of attachment will only be overgrown successfully once the cone pedicle has decayed _tescence is formed on 1-year-old shoots 
(75:1) with wide tree rings. In the year after 
fruit formation, growth diminishes rap- 
idly; therefore, it takes several years for 
the stalk stump to be scarred over 
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4.4 
Roots 


4.4.1 
The Dendrochronological Importance of Roots 


The literature regarding roots and their anatomy is vir- 
tually impossible to review. Miller (1974) listed over 
3,000 publications. 

Several studies summarize the knowledge of root 
growth, and in some cases also root anatomy, such as 
those of Kozlowski (1971), Kutschera and Lichteneg- 
ger (1992), Lyr and Hoffmann (1967), Polomski and 
Kuhn (1998), Timell (1986), Torrey and Clarkson 
(1975) as well as Whittington (1969). 

As seen later, it is impossible to describe “the root 
structure” of species, because this structure is very 
much modified by ecological factors (Riedl 1937; Cut- 
ler et al. 1987). 

Dendrochronological research has so far widely 
neglected the roots. Glock (1937), Schulman (1945), 
Fayle (1968) and Krause and Eckstein (1992) mainly 
looked for a relationship between the variability of 
tree-ring widths and weather conditions. The age of 
adventitious roots has aroused interest mainly in geo- 
morphological research. On the basis of exposed tree 
roots, LaMarche (1968), Carrara and Carroll (1979) 
and McCord (1987) calculated erosion rates, and 
Strunk (1995) dated debris flow. Bayard and Schwein- 
gruber (1991) and Gaertner (2003) reconstructed the 
effects of geomorphological processes. 

Through anatomical studies, new research areas 
present themselves, and the amount of dendrochro- 
nological information available increases consider- 
ably. Generally, in every study the following questions 
should be asked: 
¢ Which structures are typical of roots? 
¢ Which structural characteristics may be used to in- 

dicate environmental changes? 

e What relationship exists between anatomical char- 
acteristics and certain ecological factors? 


4.4.2 
Structural Characteristics of Latent Roots 


There is no general characteristic by which the second- 
ary xylem of roots and sprouts may be distinguished 
anatomically (Metcalfe and Chalk 1983). According to 
De Bary (1877) and Cutler (1976), roots, in contrast to 
sprouts, often do not have a pith. The characteristics of 
the xylem are influenced to a large extent by environ- 
mental factors; hence, all intermediate forms between 
root and sprout xylem exist (Wieler 1891). 


As woody roots must guarantee in particular the 
water and nutrient uptake, as well as the anchorage of 
the whole plant in the ground, their structure reflects 
the soil conditions. There is no generally determined 
structure within the secondary xylem that may be as- 
signed a priori to the root or the stem. “Generally, it 
has to be said that the wood has wider lumen, more 
vessels and thinner walls, the more the external condi- 
tions resemble those of the roots” (Wieler 1891). Ac- 
cording to Biisgen (1927), every structural change is 
equivalent to a functional change. Patel (1965) added, 

“in all the species (Castanea sativa, Fraxinus excelsior, 
Aesculus hippocastanum, Populus canadensis, Alnus 
glutinosa), the rings were distinct in the stem but less 
so in the root, and very variable.” Patel (1965) men- 
tioned many other characteristics which perhaps can 
be found under ideal conditions, but rarely in indi- 
vidual cases. 


4.4.3 
Root Growth Subject to Little Mechanical Stress 


Roots located deep in the ground, far away from the 

stem are subject to little mechanical stress (Pohl 1926, 

1927). 
The woody structure of the roots deep in the soil is 

characteristic: 

¢ Tree-ring boundaries are usually indistinct (4.43, 
4.45); in conifers, the latewood cells are radially 
flattened, but their cell walls are not thickened and 
little lignified (Figs. 4.42, 4.44). 

¢ The diameter of all cell types is larger than that of 
the stem (Gaertner 2003). Ring porosity is absent 
(Fig. 4.45). 


4.4.4 
Root Growth Subject to Mechanical Stress 
(Except Buttress Roots) 


Root structures are excellent indicators for the recon- 
struction of past mechanical stress loads. Round trans- 
versal sections indicate tension; eccentric and irregu- 
lar shapes, i.e., an I-shaped form, point to tension and 
compression. Fayle (1968), in particular, described 
ecologically determined annual structural changes. 
Under the microscope, the reaction mechanisms are 
much more varied: 
¢ Tissue arrangement (Fig. 4.46). The structural and 
directional changes of stress, which were observed 
by Mattheck and Breloer (1995) with the naked eye, 
can also be seen under the microscopic structure. 
Especially in deciduous trees, stress intensity influ- 
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A Fig. 4.42. Conifer roots without mechanical stress. Larix 
decidua (30:1): horizontally grown lateral roots. The tree-ring 
boundaries are characterized by few or absent radially flattened 
tracheids. 


A Fig. 4.44. Tracheid cell wall thickness in roots of mechani- 
cally unstressed conifers. Larix decidua (200:1): horizontally 
grown lateral root at 4-m distance from the stem. The primary 
walls are always normally lignified. Generally, the secondary 
walls are thin; mostly, the latewood walls are no thicker than 
those of the earlywood 


A Fig. 4.43. Root of a deciduous tree without mechanical 
stress. Prunus avium (20:1): horizontally grown lateral roots at a 
certain distance from the stem. The root is characterized by gen- 
erally absent tree-ring boundaries, large pores and thin-walled 
ground tissue cells. Dendrochronological dating is not possible 
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A Fig. 4.45. Vessel and fiber cell wall thickness in a mechani- 
cally unstressed deciduous tree. Horizontally grown lateral roots 
at a certain distance from the stem. Fraxinus excelsior (75:1). 
Cell wall thickness is species- and tissue-specific. The vessels are 
thick-walled and strongly lignified. The ground tissue cells, on 
the other hand, are thin-walled though normally lignified 
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> Fig. 4.46. Tissue pattern as an ex- 
pression of long-term stress load. Picea 
abies (20:1). The direction of the rays 
indicates the torsional movement of the 
root. For 3 years, the spruce root grew 
without mechanical stress; over the fol- 
lowing 30 years it was stressed laterally. 
Apart from the rays, this is indicated by 
many discontinuous tree rings 


v Fig. 4.47. The number of cells as 

an indication of past stress. Picea abies 
(20:1). a An I-shaped root cross section, 
showing the location of the microscopic 
samples (From Mattheck and Kubler 
1995) b and c. b, c The 1992 tree ring 

in an I-shaped root close to the stem. 
On the distal side (b), which is severely 
stressed by tension and compression, 

in the earlywood about 120 and in the 
latewood about 50 cells were formed. On 
the lateral (c), little stressed side, some 
25 earlywood and about 20 latewood 
cells were formed. 
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ences the arrangement of individual cell types, for 
example, more or less distinct ring porosity (oak), 
or more or less distinct radial (oak) or tangential 
(elm) arrangement of parenchyma vessel groups. 

e The number of earlywood and latewood cells de- 
pends on cell division intensity, which is influenced 
by mechanical stress. This can be seen in particular 
in roots mainly grown on one side (Fig. 4.47). 

¢ The cell size positively correlates with the soil cover: 
(Fig. 4.54). This is seen in particular in conifers. 
Root tissues that are not covered have smaller tra- 
cheids than roots in the soil (Gaertner 2003). 

« In conifers, the growth of the latewood second- 
ary walls is strongly influenced by mechanical 
stress (Fig. 4.48). Conifers react to increased stress 
by forming thicker cell walls, and hardly ever by 
forming compression wood (Timell 1986). Fayle 
(1968) found compression wood only in the most 
severely stressed roots in the axial elongation of the 
stem. 

e In deciduous trees, the cell wall size of the libriform 
fibers varies depending on the stress load (Fig. 4.49). 
In the material I examined, tension wood was only 
observed in an elm root (Fig. 4.50). 

¢ In some species, extreme stress induces the forma- 
tion of traumatic excretionary canals (resin and 
gum ducts) and the excretion of rubberlike sub- 
stances (Fig. 4.51). 


According to Eskilsson (1969) and Manwiller 
(1972), the different intensities of stress are expressed 
in the fiber length. 


< Fig. 4.48. Cell wall 
thickening and cell shapes in 
the latewood of conifer roots 
indicate past mechanical 
stress. Larix decidua (90:1). 
Tree-ring sequence of a me- 
chanically little stressed root. 
The latewood zones contain 
tracheids with cell walls of 
different density. In the best 
case, all latewood tracheids 
are thickened (the two upper 
tree-ring boundaries), and in 
the worst case (the lower tree- 
ring boundaries), latewood 
cells are partly absent or their 
walls are not thickened (dis- 
continuous latewood) 


4.4.5 
Structural Changes Caused by the Exposure 
of Roots 


A sudden exposure of the roots alters the environmen- 
tal conditions close to the plant: the diurnal pattern, an 
increased daily and seasonal temperature variability (a 
more continental climate) and a change in humidity 
all represent new factors. Exposed roots are subject to 
mechanical stress, a changed sapflow and injuries to 
the cambium. The following conditions were observed 
(Gaernter 2003): 

1. The root is separated from the fine root system, and 
the wound becomes overgrown; a living stump 
without any function remains. The new tissue con- 
tains great variations (conifer, Fig. 4.52; deciduous 
tree, Fig. 4.53). 

2. As for condition 1, but with a changed stress load. 
On the stressed sides, tree rings with thick-walled 
ground tissue cells are formed (conifer, Fig. 4.53; 
deciduous tree, Figs. 4.55, 4.57). 

3. The thick, horizontal roots are exposed, and part of 
the fine root system has been destroyed. The expo- 
sure causes an abrupt growth reduction and a re- 
duction of the cell sizes (Figs. 4.54, 4.58b). 


Root exposure gives rise to structural variations 
only if there is also a considerable ecological change. 
The light conditions alone would not appear to be an 
important structurally modifying factor. Gaertner 
(2003) suggests that temperature changes trigger most 
anatomical changes. Often, exposed roots take on the 


< Fig. 4.49. Cell wall thick- 
ening and cell size in decidu- 
ous tree rings indicate past 
stress. Fagus sylvatica (220:1). 
Under little mechanical stress, 
the cell walls of the libriform 
fibers are narrow and little 
lignified, while the vessels are 
large and densely arranged 
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< Fig. 4.50. Tension wood in the 
ground tissue of a horizontally grown 
root affected by tension. Ulmus glabra 
(220:1). All libriform fibers contain 
gelatinous fibers 


> Fig. 4.51. Secretory canals caused by 
extreme mechanical stress (compres- 
sion, tension, injury) in roots. European 
larch, Larix decidua (250:1). Traumatic 
resin duct and dark excretions in the 
surrounding tracheids. Very thick walled 
parenchyma cells and the tylosis with 
pits are atypical of resin ducts 
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A Fig. 4.52. Living end of a cutoff, me- _—_A Fig. 4.53. Cushion-shaped conifer on a steep slope, whose roots on the valley side 
chanically stressed root close to the stem, _ were partially exposed during the construction of a path. Juniperus sabina (40:1). Aus- 
with I-shaped cross section at a point — serberg, Wallis, Switzerland. With the removal of the earth, the remaining root sys- 
where a path has been constructed. Pinus _ tem had to support a greater weight. On the side bearing the heaviest load, a tissue 
sylvestris (100:1). Rossberg, Schwyz, similar to compression wood and with small cells was formed that differs markedly 
Switzerland. With the exposure of the from the usual wood of roots. Already 2 years later, stability had been reestablished. 
root, which occurred during dormancy, Subsequently, only narrow tree rings were formed, which were discontinuous on the 
an abrupt reduction in thick-walled cells, | mountainside 

the presence of earlywood tracheids with 

an irregular diameter and the absence of 

otherwise strictly radially oriented tra- 

cheids are particularly noticeable 
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< Fig. 4.54. Exposed, leaning root on 
the edge of a path, which is still con- 
nected to the fine root system within the 
ground. Pinus sylvestris (20:1). Aus- 
serberg, Wallis, Switzerland. With the 
exposure of the roots, the environmental 


grown above ground 


conditions changed abruptly; tree-ring 
width decreased rapidly, and the large- 
lumened, thin-walled tracheids were 
replaced by small-lumened, thick-walled 
ones. During the period when the root 
was exposed, tree-ring widths and cell 
structure are more variable than at the 
time when the root was covered by soil 


> Fig. 4.55. Exposed root of a ash ona 
side of a path. Fraxinus excelsior (20:1). 
After exposure all cell types became 
smaller (fibers, parenchyma, vessels), 
the number of fibers increased and the 


grown under ground 


amount of parenchyma tissue decreased 


Vv Fig. 4.56. Cross sections of a living end of an exposed root that was cut off, close to 
the stem, at a point where a path has been constructed. Castanea sativa. a 20:1, b 75:1, 
c, d 30:1. The cutting of the root has led to fundamental physiological and morphologi- 
cal changes, such as abrupt, structural changes (arrows in a, b), a reduction in the ves- 
sel diameter (a, b), a reduction in the size of the ground tissue cells (b), the radial ori- 
entation of the ground tissue cells (a, b), thicker ground tissue cell walls after a phase 
of reorientation (black arrow in b), tylosis formation (T) in vessels that were alive at the 
time of the event (a, b, d), phenolic secretions in the ground tissue cells of the transi- 
tion zone (b), and a reduction in ray size (c, d), with regard to cell size and dimension 
(height, width). Before and after the event, the tree-ring boundaries are indistinct 
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< Fig. 4.57. Roots that were exposed 
during road construction, but are still 
connected to the fine root system. a 
Wild cherry, Prunus avium. Ausserberg, 
Wallis, Switzerland (20:1). b Silver birch, 
Betula pendula. Avegno, Ticino, Swit- 
zerland (20:1). The exposure changed 
the roots’ mechanical stress load. In the 
cherry (a), the tree-ring boundaries are 
no longer distinct, and later traumatic 
gum ducts were formed. In the birch 
(b), after the root exposure, the pore 
area decreased (in size and numbers), 
whereas the ground tissue cells formed 
thicker walls 


< Fig. 4.58. Thick roots, still connected to the fine root system, which were exposed during 

the heavy rainfall of 1957. Fagus sylvatica . Pura, Ticino, Switzerland (20:1). The event (arrows) 
gave rise to very different morphological changes: an abrupt growth release (a); the formation of 
much more distinct latewood zones (a) and, thus, of more easily distinguishable tree rings; virtu- 
ally unchanged earlywood pore size (a); a reduction in overall pore size and density (b); changed 
orientation of ground tissue cells and rays (b) 


functions of the stem, which gives rise to the forma- 
tion of stem structures (Figs. 4.53, 4.55, 4.54). 

There is little relevant literature which concentrates 
on singular cases. Wieler (1891), Kny (1908), Biisgen 
(1927), Morrison (1953) and Patel (1965, 1970) ana- 
lyzed various individuals and found abrupt structural 
changes between roots covered by soil and those that 
are exposed. Morrison (1953) and Patel (1965, 1970) 
noted changes in conifers and deciduous trees after 
root exposure, which, however, according to my own 
observations, are not universally relevant. 

The following changes were determined on exposed 
roots which are still connected with the fine root sys- 
tem: 

1. In conifers and deciduous wood 

« An increased proportion of latewood 

¢ Abrupt growth changes 

¢ More distinct tree-ring boundaries 

* Thicker earlywood and latewood cell walls 

¢ Changed direction of growth 

¢ Irregular, axial orientation of fibers 

¢ Phenolic deposits 

e Injuries 
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2. In deciduous wood 
¢ Smaller vessels 
¢ Reduced pore density 
e Wider rays 
e New rays 
° Tylosis 
¢ Gumlike deposits 
e Gum canals 
e Tension wood 


4.4.6 
Structural Changes Caused by the Burial 
of Shoots 


In this context, the term “burial” refers to pedologi- 
cal and geomorphological events during which living 
shoots are “buried” in the soil. Only the burials caused 
by debris flow (Strunk 1995), river sediments (Bayard 
and Schweingruber 1991) and solifluction (Jacob 1995) 
have so far been dealt with in dendrochronology. 

To my knowledge, the anatomical changes induced 
by geomorphological processes have never been 
studied, but we believe that all anatomical changes from 
root to stem and stem to root seem to be reversible. 

Figures 4.59-4.62 show examples of shoots which 
were covered by leaf litter or fast-growing carpets of 
moss. 


4.4.6.1 
Burial of Slow-Growing Seedlings 


Individuals that are considerably shaded by the canopy 
tend to grow very slowly. This increases the danger that, 
owing to fallen leaves, the stem base ends up in the lit- 
ter or raw humus layer. At the base of the stem, adven- 
titious and latent roots form; wood that was formed 
below the ground has a different structure from wood 
formed above the ground. It must be emphasized, how- 
ever, that the burial of the stem does not lead to the 
growth of rootlike structures. Whereas mechanically 
unstressed roots generally have a high proportion of 
vessels, wood that was formed below the ground typi- 
cally has a very low proportion of vessels and conse- 
quently a high proportion of parenchyma (Fig. 4.59). 


4.4.6.2 
Burial of the Shoot Base and of Creeping Shoots 


The life span of many shrubs is increased by the burial 
of basal parts of the stem and of horizontally grown, 
creeping, long shoots. As soon as the shoots get into 


the litter layer, they form adventitious roots and shoots. 
According to Moor (1947) and Baumberger (1997), in 
the shrubby woodland communities of the Swiss Jura, 
especially common ash (Fraxinus excelsior), privet (Li- 
gustrum vulgaris) and spindle (Euonymus europaeus) 
from creeping shoots. Within an area of 3 mx3 m, 55 
mostly rooted privet shoots were found. Hawthorn 
(Crataegus sp.), common dogwood (Cornus sanguinea), 
fly honeysuckle (Lonicera xylosteum), mountain cur- 
rant (Ribes alpinum) and wayfaring tree (Viburnum 
lantana) reproduce mainly by coppice shoots. In these 
species, there may be a considerable difference be- 
tween the age of aboveground shoots and underground 
parts of the stem, close to the roots. In a south-fac- 
ing, shrubby oak wood in the Swiss Jura, Baumberger 
(1997) found the differences given in Table 4.5. 

On the basis of these results, in small shrubs, the 
vegetative rotation period of aboveground shoots is on 
average 4-7 times faster than that of the underground 
ones. 


4.4.6.3 
Burial of Conifer Branches Close to the Ground 


When branches that grow close to the ground are 
covered by leaf litter or fast-growing moss, they form 
roots. The phenomenon of vegetative propagation by 
layering is well known for Norway spruce (Picea abies) 
(Fig. 4.60) in the Alps (Kuoch and Amiet 1970), for 
Engelmann spruce (Picea engelmannii) and alpine fir 
(Abies lasiocarpa) in the Rocky Mountains (Holtmeier 
1999), for Canadian yew (Taxus canadensis), as well 
as for black spruce (Picea mariana), eastern hemlock 
(Tsuga canadensis) and balsam fir (Abies balsamea) 
(Bannan 1941, 1942; Sirois 1997). 

In contrast with many other conifers, the black 
spruce (Picea mariana) branches form roots very eas- 
ily. According to Cooper (1911) and Fuller (1913), 
trees in the boreal conifer woods of North America 
usually propagate vegetatively. Morneau and Payette 
(1989) found that black spruce on formerly burnt sites 
in the North American boreal zone (Quebec) repro- 
duces sexually only on mineral soil. As the soil in the 
monitoring area, already 25 years after the disturbance, 
was covered by fast-growing mosses and lichens, 
propagation occurred only vegetatively, by the layer- 
ing of branches. When moss, particularly Hylocomium 
splendens and Sphagnum sp., grow over branches close 
to the ground, apical growth accelerates and the tip of 
the branch points upwards. The branch structure be- 
comes a tree structure. At the same time, the branch 
forms roots. This process of restructuring may be ob- 
served in the tree-ring series (Fig. 4.62): 
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< Fig. 4.59. Stem base of suppressed (less than 1-m-tall) seedlings which, owing 

to fallen leaves, got into the litter and raw humus layer. Oleaster, Elaeagnus pungens, 
escaped from cultivation. Locarno, Ticino, Switzerland (40:1). The change from 
aboveground to underground conditions (arrow) is characterized by reduced ground 
tissue cell wall thickness, virtually absent tree-ring boundaries, larger fibers and 
parenchyma cells, an increased proportion of axial, parenchymatic cells and wider 
rays. Note the extremely reduced presence of water-conducting vessels. In Elaeagnus 
pungens, they are virtually absent 


Vv Fig. 4.60. A group of Norway spruce, Picea abies, clones, at ground level, formed 
by layering, in the Alps. In the center lies the 180-year-old parent tree. From this, 29 
dominant and 71 suppressed vertical stems formed, which are connected to the par- 
ent tree by layering (continuous lines). Many branches (dotted lines) have also formed 
roots, but did not take up an upright position (Kuoch and Amiet 1970) 
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Table 4.5. Ages of aboveground and underground shoots 


Mean age of aboveground Maximum age Increased lifespan 


shoots (years) of underground shoots of underground shoots 


(root collar) 


Rosa sp. 

Cornus sanguinea 
Viburnum lantana 
Ribes alpinum 
Ligustrum vulgaris 
Lonicera xylosteum 


Crataegus sp. 


43 


14 4-5 times 
35 7 times 
30 3-4 times 
62 5-7 times 
33. 4-5 times 
48 4 times 
97 Twice 
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mineral soil 


A Fig. 4.61. Conifers with adventitious roots in a Sphagnum 
cushion in Switzerland. Left: Silver fir, Abies alba. Right: Norway 
spruce, Picea abies. (From Burger 1930) 


e Close to the stem, a branch's age may be estimated. 
An exact age determination of buried shoots is not 
possible, because after the burial and the formation 
of roots, radial growth decreases because of lower 
temperatures, and growth rings may be discon- 
tinuous or missing altogether. The abrupt growth 
reduction is related to the moment of root forma- 
tion. In the absence of mechanical stress, no dense 
latewood is formed. 

e The rooted, underground branches - about 1.5m 
from the branch base - grow fast. A reduced num- 
ber of rings below the ground, in comparison with 
the number above the ground, allows the assump- 
tion that cambial activity ceased periodically. The 
presence of compression wood indicates that the 
mechanical forces arising from the snow load are 
not neutralized by the soft moss carpet. 

« At the base, the growth rates of the upright, treelike 
clones are comparable with those below the ground. 
Concentric growth and little compression wood in- 
dicate little mechanical stress. 

« According to Bannan (1942), the adventitious roots 
in Taxus canadensis form out of primordial rays in 
the area of the cambium. 


4.4.6.4 
The Establishment of Spruce Seedlings 
in Sphagnum Cushions 


In fast-growing Sphagnum cushions, conifer stems form 
adventitious roots (Burger 1930; Fig. 4.61). After fires, 


in the boreal conifer woods of Canada, black spruce 
(Picea mariana) propagates sexually. The optimal light 
conditions and nutrient supply on former moorland 
not only favor tree growth but also the growth of peat 
mosses (Sphagnum sp.). The latter very quickly com- 
pete with the spruce. The spruce seedlings which ger- 
minated in the mineral soil react to the establishment of 
the moss layer with the formation of cauline roots. 

The annual Sphagnum growth rate can be recon- 
structed on the basis of the distance between the root 
whorls. It can be assumed that most roots are latent 
and form out of branches or needle traces 

The history of the relationship between tree and 
Sphagnum may be reconstructed from stem cross 
sections. 


4.4.7 
Sprout and Root Formation in Stems and Roots 
(Latent and Adventitious Sprouts/Roots) 


Several-year-old plants are capable of producing new 
sprouts and roots from already differentiated living 
tissue. This ability allows ecosystems to survive on the 
basis of vegetative propagation over long periods of 
time (Troll 1935-1937). Some well-known examples 
are the formation of a new crown after frost damage or 
insect attack, the root growth on stems and branches 
in boreal spruce forests (see also Fig. 4.44), and the 
vegetative regeneration of coppices and dwarf shrubs. 
Environmental conditions influence the differentia- 
tion process. Low air humidity and strong insolation 
favor sprout formation in plants; high humidity (soil) 
and little insolation (darkness) favor the formation of 
roots. Out of sprout axes, sprouts with leaves and/or 
flowers or roots may arise, whereas roots may develop 
more roots or sprouts (Fig. 4.63). 

Already differentiated shoots may develop one of 
two vegetative propagation strategies: 
1. Existing lateral shoot structures give rise to latent 

sprouts and roots (Fig. 4.64). 
2. Rest meristems or parenchyma still capable of divi- 

sion form adventitious sprouts and roots (Fig. 4.64). 


Fink (1980) described all types of structures and 
differentiation of latent and adventitious sprouts ob- 
served in central European woody plants. He sup- 
posed that environmental conditions determine the 
differentiation in sprouts and roots. His observations 
on sprouts should, therefore, also apply to roots. In the 
following, they are described together: 

1. Latent sprouts/roots arise from the primary meri- 
stem. Latent sprouts are, therefore, in contact with 
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A Fig. 4.62. Radial growth of vegetatively propagating conifers (layering). Black spruce (Picea mariana). Lac Duparquet, Quebec, 
Canada (20:1). At the point where the branch is attached to the stem, the moment when the branch produced roots can be deter- 
mined on the basis of a growth reduction. In the part below the ground, the number of rings is reduced. Above ground, growth 


corresponds to the usual stem growth 


the pith (Fig. 4.65), latent roots with the metaxylem 
or the pith. 

2. Adventitious sprouts/roots arise from rest meristems 
or from parenchyma cells in rays, capable of divi- 
sion. According to Fink (1980), these derive from 
e Uninjured shoots (Fig. 4.63a), epidermal tissue, 

the phloem, phloem or xylem area 
¢ The callus tissue of the phloem and xylem 
(Fig. 4.63b). 


In the xylem, adventitious sprouts/roots are formed. 
from axial parenchyma cells (Fig. 4.65) or rays (Fink 
1982; Fig. 4.64). It is difficult to determine the origin 
of adventitious sprouts/roots, and serial sections are 
necessary. 

Sprouts/roots formed during a transitional stage 
(callus phase) or directly (Fig. 4.66). Often the devel- 
opment of sprouts/roots is inhibited. The initial phase 
indicates the formation of a shoot. During a few, or 
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sometimes over many years (Fig. 4.66), a ray broadens 
(ray expansion) without forming a lateral shoot. More 
rarely, retrogressive development takes place: adven- 
titious sprout/root structures return to normal xylem 
(Fig. 4.67b). 

Close to adventitious sprouts/roots, the originally 
strictly axially oriented tissue is completely restruc- 
tured. Winding fiber tissue (Fig. 4.67) with a large pro- 
portion of parenchyma is characteristic. At their base, 
the adventitious sprouts/roots are anchored in the root 
organ with a conelike root collar (Fig. 4.67b). 


It is not possible to distinguish primary and sec- 
ondary roots on the basis of the pith, because often 
also primary roots contain pithlike centers. 

The majority of proventive and adventitious sprouts 
die during the construction of the crown during so- 
called natural pruning. Very often, though this is less 
well known, adventitious roots die during the exploi- 
tation of new resources in the soil. Dead sprouts and 
roots are separated from living tissue by barriers and 
eventually become overgrown. 


A Fig. 4.63. Secondary sprouts and roots. a Adventitious shoot, originating from an uninjured stem. Common beech, Fagus syl- 


vatica. Birmensdorf, Switzerland. b Adventitious shoot, arising from a wound callus. Silver birch, Betula pendula. Aurigeno, Ticino, 


Switzerland. c Adventitious roots, arising from the wound callus of a larch twig (Larix decidua). (From Gruber 1992) 
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< Fig. 4.64. Bud of a sprout. Bog 
whortleberry, Vaccinium uliginosum. 
Jura, Switzerland (35:1). The bud on the 
outside is connected to the pith. (Cour- 
tesy of Y. Steiner) 


> Fig. 4.65. Adventitious sprout arising 
from an axial parenchyma cell. Heather, 
Calluna vulgaris. Arcegno, Ticino, 
Switzerland (75:1). After earlywood 
formation, a parenchyma cell gave rise 
to callus tissue, which, during the early 
summer of the following year, differenti- 


ated to a sprout 


A Fig. 4.66. Adventitious shoot on a 
young stem originating from a ray. Small- 
leafed lime, Tilia cordata. Val Colla, Ti- 
cino, Switzerland (25:1). The formation 


of the adventitious sprout was already 


predisposed the preceding year (arrow): 4 Fig, 4.67. Inhibited development of roots and shoots or abnormal ray expansion. 
in the narrow tree ring, a ray slightly Fig, Ficus carica. Algarve, Portugal (40:1). Latent lateral shoots which developed 
broadened. During the earlywood forma- into mainly parenchymatous tissue without pores. Note the radial pore arrangement 
tion of the following year, large, short ray in the first secondary xylem. b Common beech, Fagus sylvatica. Mt. Tamaro, Ticino, 
cells were formed which, in the middle — switzerland (40:1). Ona 4-year-old short shoot, the necessary tissues for an adventi- 
of the tree ring, divided to become callus tious sprout developed. Over a period of about 20 years, only parenchymatic tissue 


tissue and shortly afterwards differenti- was formed, which, during the following 8 years, differentiated back to normal wood 
ated, horizontally oriented sprout tissue tissue 


CHAPTER 5 


5 Modification of the Tree-Ring Structure 
Due to Extreme Site Conditions 


In this chapter, the reaction of tree rings to extreme 

hydrological, temperature and light conditions will 

be considered, which are mostly related to weather, 
climate and soil conditions (substrate, underground). 

The reactions caused by positional changes, defolia- 

tion and destruction of the living wood tissue are sub- 

jects in Chaps. 6-8. 

The term “extreme” has to two meanings: 

1. Reactions to sudden, short-term or long-term envi- 
ronmental changes, which usually have a catastrophic 
or at least a severely damaging effect on plants. 

2. Reactions to permanent changes of environmental 
conditions. This leads to the selection of a species 
range adapted to the prevailing site conditions. 


5.1 
The Influence of the Regional Climate 
on Ecophylogenetic Development 


Kanehira (1921) found in eastern Asia that spiral 
thickening in tissue walls and scalariform perfora- 
tions are more common in species from the temper- 
ate climate of Japan than in plants from the tropical 
Philippines. Since then, especially Peter Baas and 
Sherwin Carlquist have studied the ecophylogenetic 
aspects of virtually complete species ranges from 
clearly limited regions, such as southern California 
(Carlquist and Hoekman 1985) and western Europe 
(Baas and Schweingruber 1987; Klaassen 1999), and 
always found “ecological trends.” It would appear that 
climatic conditions influence the xylem’s phylogenesis 
of very different genera in the same way; hence, west- 
ern European species from boreal and subalpine re- 
gions are more likely to have scalariform perforations 
than plants from temperate and Mediterranean areas. 
All studies showed that the “trends” are counterbal- 
anced by taxonomic characteristics and the woody 
plant's growth form (Schweingruber 2006). Thus, in 
the cold far North there are few Fabaceae and in the 
temperate South many Fabaceae; northern vegetation 
is characterized by dwarf shrubs and southern vegeta- 
tion by deciduous trees. Baas (1982), Carlquist (1988) 
and Lindorf (1994) summarized the state of the art 


of the wood-anatomical trend research. Here I shall 
concentrate on ecological wood anatomy: “The study 
of direct, phenotypic modifications of wood structure 
as a response to one or more ecological factors” (Baas 
and Miller 1985). 

Ecophylogenetic trends will be determined only by 
considering the morphology and anatomy of all organs 
of various taxa, especially leaves (e.g., Clauditz 1902). 
The hypothesis could be confirmed by the analysis of 
Brassicaceae from different climatic zones in western 
Europe and the Canary Islands (Schweingruber 2006). 
The trends remain questionable in the family of caryo- 
phyllacea (Schweingruber 2007). Ecophylogenetic 
trends occur along climatic gradients from the sub- 
tropical to the temperate climate with short vegetation 
periods. Trends are expressed by the increasing occur- 
rence of plants with greater ages, smaller vessels and 
the absence of rays and the presence of intra-annual 
fiber bands towards the alpine zone with short cold 
vegetation periods. 


5.2 
Modifications Caused by Extreme Weather 
Conditions 


Extreme weather conditions, for example, long-term 
drought or cold spells, limit tree-ring growth and, in 
this way, make dendrochronological cross-dating and 
dendroclimatological reconstructions possible. With 
few exceptions, dendroclimatological research has usu- 
ally been limited to analyzing tree-ring widths and late- 
wood densities in continuous time series. Only rarely 
were noncontinuous, intra-annual anatomic charac- 
teristics, such as density fluctuations (Sect. 3.2), resin 
ducts (Sect. 8.2.1.1), reaction wood (Chap. 6) or callus 
rings (frost rings; Sect. 8.2.3), taken into account. 


5.2.1 
Cambium Injury Caused by Hailstorms 


Hail damage on trees has often been described (Timell 
1986). Hailstorms, often in connection with gusty 
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1994 


1993 - 


A Fig. 5.1. Hail injury on the upper side of a mountain pine ices 
branch (Pinus mugo) 


A Fig. 5.2. Interannual and intra-annual dating of hail scars 
on the upper side of a mountain pine branch, Pinus mugo ssp. 
arborea. Rossberg, Schwyz, Switzerland. The last tree ring was 
formed in 1995. The branch was injured by hailstones in August 
1993 during latewood formation, and in 1988 during the forma- 
tion of earlywood (40:1) 


A Fig. 5.3. Hail scars on the upper side of a deciduous tree 


branch in Switzerland. Pedunculate oak, Quercus robur, from a 
plantation (30:1). The injury occurred during latewood forma- 
tion in 1988 


> Fig. 5.4. Intra-annual dating of hail scars on the upper side 
of a mountain pine branch, Pinus mugo ssp. arborea. Rossberg, 
Schwyz, Switzerland. On this site, radial growth starts on aver- 
age around the middle of June and finishes at the end of August. 
The event occurred right in the middle of earlywood formation 
(100:1) 
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A Fig. 5.5. Intra-annual dating of hail scars on the upper side 


of a sallow branch, Salix caprea. Rossberg, Schwyz, Switzerland. 
Hailstones destroyed the cambium at the beginning of early- 
wood formation. Some cells collapsed, the tissue is affected by 
tylosis and the fiber lumen of the previous tree ring partly filled 
up with phenolic matter (compartmentalization). Afterwards, 
the cambium regenerated. At first, corklike cells with small, rect- 
angular cross sections were formed, later calluslike cells (75:1) 


winds, can break off stems and branches, thereby de- 
stroying the assimilation areas and main shoots of trees, 
whereas hailstones injure the cambium of branches and 
stems. According to von Pechmann (1949), growth re- 
duction in stems is, partly, caused by the destruction 
of the assimilating crown. On the basis of overgrown 
hail injuries (hail scars), the frequency of hailstorms 
(Figs. 5.1-5.3) and their intensity may be reconstructed. 
According to Hohl et al. (2002), only from slow-grow- 
ing trees, especially branches with a thin bark, up to 
50-year-old hail chronologies can be set up. The den- 
drochronologically determined hail frequency was cal- 
ibrated against records of hailstorm damage to crops, 
obtained from insurance companies and radar record- 
ings. The analysis of hail injuries on trees supplies a bi- 
ological indicator for the reconstruction of hailstorms. 
On the basis of suitable microsections, every hail event 
is intra-annually datable (Figs. 5.4, 5.5). 

Hail injuries may be distinguished from frost 
damage, or some mechanical damage, by their shape 
(Fig. 5.1) and the fact that they occur almost exclu- 
sively on the upper side of branches. 


5.2.2 
Cambium Injury Caused by Ice Storms 


Pine (Pinus banksiana) branches grown on shallow, 
wind-exposed sites on islands in Canadian lakes often 


have light injuries on the weather-side. According to 
Bergeron (personal communication), these injuries 
are caused by ice particles and stones hurled around 
during storms, and are datable (Fig. 5.6). 


5.2.3 
Cambium Injury Caused by Lightning 


According to Kucera et al. (1985), lightning strokes 
lead to quick desiccation within the wood, causing 
the collapse of any not fully stabilized cells (Fig. 5.7). 
Regeneration takes place as more or less pronounced 
callus formation (Hartig 1897). If the tree survives the 
event, the lightning stroke may be dated dendrochro- 
nologically within the ring, on the basis of the over- 
grown tissue and cell collapses (Fig. 5.7). In dead trees, 
cross-dating the outermost ring may date the light- 
ning event. 


5.2.4 
Cambium Injury Caused by Frost (Frost Rings) 


Frost rings are anatomically abnormal and ecophysi- 
ologically pathological structures. In all events, intra- 
annual, more or less abnormal tissue, is found paral- 
lel to the tree rings. This includes density fluctuations 
(Studhalter 1955; Glock et al. 1963), for example, col- 
lapsed cells, callus tissue and bent rays. From an ana- 
tomical point of view, drought rings (Larson 1994) 
come into the same category. The following consider- 
ations are based on studies by Stockli and Schweingru- 
ber (1996a) and Knufinke (1998). 

A “classic, complete, frost ring in a conifer, which 
formed during the growing season, is shown in 
Fig. 5.8. From the inside to the outside, it consists of 
thin-walled, collapsed tracheids, bent rays, callus tis- 
sue and morphologically regenerating tracheids. 

Frost rings which form during the growing season 
vary anatomically: they range from a single, discon- 
tinuous cell row with phenolic deposits (Fig. 5.9a) to 
slightly collapsed and afterwards slightly enlarged tra- 
cheids (Fig. 5.9b), to a “complete” frost ring or even to 
radial splits (Fig. 5.9c) or little resin pockets. The bent 
rays are typical of each disturbance. 

A frost ring which was formed when cell division 
started at the beginning of the growing season is lo- 
cated in the earlywood and the transition to the late- 
wood (Figs. 5.10b, 5.1la). The anatomy of frost rings 
is very similar in both deciduous trees and conifers 
(Figs. 5.10, 5.12). 

The frequency and anatomy of frost rings vary 
within the tree. Generally, they are more common 
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A Fig. 5.6. An injury caused by ice storms. Pinus banksiana. 
Lac Duparquet, Quebec, Canada (50:1). The wound was made 
6 years ago (1991). The scarring-over process started at the be- 
ginning of the growing season. Consequently, the storm must 
have damaged the tree during dormancy, i.e., between Septem- 
ber and the end of May 


in wide tree rings because, at the time of the event, 
wide rings have more cells that are in the differentia- 
tion process than narrow rings. Often, frost rings are 
not present in the whole circumference of the stem 
(Fig. 5.13). Possibly for microclimatic reasons, they 
are more likely to be found near the ground than 
higher up in the stem. Only rarely, frost rings may 
be fond throughout the tree (Fayle 1981). Stems and 
branches with thin bark have a better capacity to re- 
act than parts of the tree with thick bark (Bailey 1925; 
Rhoads 1923; Stone 1940). For this reason, frost rings 
are more common in young, small individuals than 
in old ones (Stéckli and Schweingruber 1996a, b). 
Stems and branches with thin bark are more sensi- 
tive to frost than those parts of the tree that have thick 
bark. 

In subalpine regions, the occurrence of frost rings 
is site-dependent. According to Knufinke (1998), they 
are more common on sunny slopes at the upper tim- 
berline than in shaded northern aspects, because an 
abrupt warming of the crown causes sudden tran- 
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A Fig. 5.7. Reactions of conifers and deciduous trees to water 
loss in the cambial area, caused by lightning. Silver fir, Abies 
alba, branch. Emmental, Switzerland (50:1). The tree was struck 
by lightning at the beginning of the latewood formation, about 
the second half of July, causing the collapse of cells whose walls 
were not thickened. After that, callus tissue was formed, which 
gave soon rise to a transition to latewood 


spiration and sap flow. In particular, the branches of 
young plants on exposed sites (Figs. 5.13, 5.14) tend 
to get frost rings every year (Fig. 5.15), though not all 
individuals are affected. 

Very little is known about the geographic-climato- 
logical distribution of frost rings. They were found 
at the upper timberline (LaMarche and Hirschboeck 
1984; Stéckli and Schweingruber 1996a), at the north- 
ern timberline in Siberia (Hantemirov et al 2000) and 
in lowlands and hills (Stahle 1990; Leuschner and 
Schweingruber 1996). Treter (personal communica- 
tion) found them in larches at lower timberlines in 
Mongolia. 

Likewise, little is known about the frost-ring sen- 
sitivity of particular species. At Eurasian upper tim- 
berlines, all conifer species, and in the southern hemi- 
sphere Nothofagus pumilio, are subject to frost rings 
(Fig. 5.10). In dwarf shrub species, even on exposed, 
windy sites with little snow cover, no frost rings (Loise- 
leuria procumbens), or very few of them (Salix retusa; 
Fig. 5.16), were noted. By contrast, the subtropical 
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Acacia dealbata, growing in the southern Alps (Ticino, 
Switzerland) with rare frosts, produces frost rings as 
soon as winter temperatures fall just below freezing 
point (Fig. 5.10a). 

Whether frost rings appear in the earlywood or in 
the latewood can easily be seen with the naked eye. 
By analyzing the frequency, and possibly the shape, 
of frost rings, we can determine the intensity of an 
event (Figs. 5.13, 5.14). The identification of a par- 
ticular frost event, especially in regions often subject 
to frost, is only possible with the aid of a microscope 
(Fig. 5.12). 

The causes of frost-ring formation were first investi- 
gated by Hartig (1895). He and later Day (1928, 1931) 
associated frost rings with frost events during the 
growing season. LaMarche and Hirschboeck (1984) 
as well as Stahle (1990) attempted to connect frequent 
frost rings to the cooling effect of volcanic eruptions. 
Hantemirov et al. (2004) developed a 600-year frost- 
ring chronology of Juniperus sibirica from the Jamal 
Peninsula in Siberia. At least in particular years, such 
as 1601, high frost-ring frequencies correspond to vol- 
canic activity (Hantemirov, personal communication). 
At present, there are two hypotheses regarding the for- 
mation of frost rings: 

1. Owing to the formation of ice crystals in intercel- 
lular spaces within the xylem, the phloem becomes 
dehydrated, which exerts tension and causes the 
cells in the xylem to collapse (Glerum and Farrar 
1966; Day and Peace 1934). 

2. A sudden increase in temperature after frosty days 
gives rise to a high vapor pressure deficit between 
air and needle which increases transpiration. If, 
however, the water supply is interrupted because 
of ice, a higher level of water viscosity or the im- 
permeability of the membrane (Kramer 1983), the 
resulting water stress breaks the water column and, 
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A Fig.5.8. Anatomy ofa “classic” frost ring which formed dur- 
ing the period of wood growth in a larch tree, Larix decidua, 
at the upper timberline near Davos, Switzerland. Cross section 
(120:1). Looked at from the inside to the outside, the frost ring 
consists of an area of slightly thickened cells, a row of collapsed 
cells, callus cells and of an area with almost normal cells. After 
Knufinke (1998) 


Vv Fig. 5.9. Anatomical variations of conifer frost rings. True 
frost rings in larches, Larix decidua, from the upper timberline 
near Davos, Switzerland (100:1). a Very weak frost ring within 
compression wood: discontinuous, serrated row of thin-walled 
tracheids with phenolic deposits. Before the event, the tracheid 
walls were thinner than afterwards (light area). b Distinct frost 
ring. This consists of deformed and collapsed tracheids and 
slight callus tissue. c “Atypical” frost ring with very much en- 
larged tracheids. There are no collapsed cells. Note the slightly 
bent rays. (Material courtesy of A. Knufinke) 
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> Fig. 5.10. Frost rings in decidu- 

ous trees. a Induced during dormancy, 
formed during the growing season. 
Callus zones may be present anywhere 
in the tree ring, and point to late and 
early frosts. The frost ring lies in the ear- 
lywood at the tree-ring boundary (90:1). 
b Formed during the growing season. 
The callus zones lie in the earlywood im- 
mediately adjacent to the previous year’s 
latewood zone. They indicate cold spells 
in the winter. Nothofagus pumilio. Upper 
timberline; San Martin de los Andes, 
Patagonia. Frost ring in the earlywood of 
1992 (100:1) 


4 Fig. 5.11. Intra-annual dating of frost rings. European Larch, 
Larix decidua. Upper timberline near Davos, Switzerland 
(100:1). a, b Frost ring in the earlywood. In a at the beginning, 
in b after the formation of the first three rows of tracheids. c, d 
Frost ring at the end of the latewood. In d the last latewood cells 
have collapsed, and the callus cells formed at the beginning of 
the following growing season. (Material courtesy of A. Knu- 
finke) 


> Fig. 5.12. Several frost rings within a tree ring. European 
Larch, Larix decidua. Upper timberline near Davos, Switzer- 
land. Three frost rings in 1993, two weak ones in the earlywood 
and a strong one in the latewood. The callus cells were formed 
at the beginning of the following year‘s growing season (45:1). 
(Material courtesy of A. Knufinke) 
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< Fig. 5.13. Frost rings in 
spruce tree branches, Picea 
abies. Christmas tree planta- 
tion (my Christmas tree 
1996), Birmensdorf, Switzer- 
land (35:1). The ring near the 
pith dates to 1993. In 1994, a 
frost ring was formed (a) in 
the earlywood. Note that the 
frost rings often only occur 
locally (in the latewood of b) 
and sometimes develop into a 
density fluctuation (b) 


> Fig. 5.14. Frost rings in 

a 7-year-old spruce branch 
in a plantation in Birmens- 
dorf, Switzerland (20:1). The 
outermost tree ring formed 
in 1996 


A Fig. 5.15. Frost rings in young, free-standing Siberian pine, Pinus sibirica, fromthe A Fig. 5.16. Frost rings in the stem of 


upper timberline on the Seminsky Pass in the Altai, Russia (10.5:1). In all specimen, an alpine trellis plant. Willow with blunt 
frost rings appear only at the beginning of the earlywood (arrows). The sensitivity of leaves, Salix retusa (100:1). Julier, Swit- 
the individuals changed from year to year. Only the severe cold spell of June 1997 led —_zerland. Damage occurred at different 
to the formation of a frost ring in all individuals times during the year 
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consequently, causes the collapse of unlignified xy- 
lem cells (St6ckli 1996; Oertli 1993; Grace 1994), 


On young trees at the upper timberline, Knufinke 
(1998) showed that, in the growing season, no frost 
rings would form owing to frost alone. Only every 
tenth frost event gave rise to the formation of frost 
rings. Sudden frost events on their own may, however, 
cause the death of shoots (Holdheide 1940; Grossen- 
bacher 1915; Sakai 1968). 

Concerning the causes of frost-ring formation dur- 
ing the growing season, I prefer the second hypothesis, 
as this explains several anatomical and ecophysiologi- 
cal phenomena: 
¢ No frost rings are formed in the phloem (Sorauer 

1909; Knufinke 1998), ie., there is no dehydration 

and consequently no tension. Phloem cells only 

collapse owing to a loss of turgor during the ageing 
process. 

« No frost rings are formed in the root, ie., the enor- 
mous transpiration pull cannot cross the barrier on 
the stem caused by frost. 

¢ Frost rings form in many other ecological contexts 
where a loss of pressure is caused by the transpira- 
tion pull or local injuries, for example, after replant- 
ing (Stockli and Schweingruber 1996a), lightning 
stroke (Hartig 1897), extreme summer drought 
(Barnett 1976), artificial defoliation and injuries 
(Sect. 8.3). 


According to Leuschner (personal communication), 
frost rings at the tree-ring boundary, in the earlywood 
(Fig. 5.10b), are likely to be winter-frost damage, be- 
cause they were formed before the production of 
leaves, i.e., during a time when no transpiration oc- 
curs (Leuschner and Schweingruber 1996; Fig. 5.10). 

Larcher (1994) found that frost tolerance - a system 
of very different mechanisms - determines survival of 
or damage to the cambium, for example, in plants on 
mountain sites with very little snow cover. LaMarche 
and Hirschboeck’s (1984), as well as Brunstein’s (1996) 
hypothesis that frost rings are always indirect indica- 
tors of volcanic activity, will have to be reconsidered, 
especially since the statistical basis of the studies is 
rather incomplete. Extreme frosts during the tree-ring 
growing period can be recognized is chronologies of 
the shrub Juniperus sibirica in the polar Ural region 
(Hantemirov et al. 2000). One of the most severe frosts 
occurred there in 1601. It corresponds with circum- 
polar boreal negative maximum density anomalies 
(Briffa et al. 2002). 

The causes of frost-ring formation can be deter- 
mined retrospectively only by comparing meteoro- 


logical data with the intra-annual position of the frost 
ring (Fig. 5.11). The position of the frost ring is calcu- 
lated as a percentage of the total radial number of cells 
and compared with a daytime-minimum-temperature 
curve. Knufinke (1998) chose the time period from 
June 1 to September 15 as the period of wood growth 
in the subalpine region of Stillberg near Davos in the 
Swiss Alps. The frosts that occur during this time pe- 
riod are potential triggers of frost rings. 

From an anatomical point of view, the term “frost 
ring” is misleading and should not be used if the defi- 
nition is only based on anatomical considerations; in 
such a case, purely anatomical terms would be more 
applicable, such as a callus ring with collapsed cells 
(Fig. 5.8). In any case, its occurrence should relate to 
the tree species, to its intra-annual position in the ring 
and to the site. 


5.3 
Modifications Caused by Extreme 
Hydrological Changes in the Soil 


The vegetation composition of many biotopes is the 

result of sudden natural and anthropogenic changes 

in the water level, which have often been dealt with in 

dendrochronology, for example: 

¢ In flooded areas of the tropics (Worbes 1994), in es- 
tuaries (Bégin 1990), in areas subject to subsidence 
along coasts and lakes (Jacoby 1983; Bégin and Pay- 
ette 1988) 

¢ In areas of depression in raised bogs (Schweingru- 
ber 1996) and fens (Griinig 1955) 

¢ Inriver beds with a changing water level in the tem- 
perate (Bayard and Schweingruber 1991; Langlais 
and Bégin 1993) and boreal Payette and Delwaide 
1991) zones 

e In areas where groundwater has been pumped off 
(Altherr 1972) 


Growth reactions are not uniform; after a rise or 
fall in the groundwater level, growth may improve or 
decline (Yamamoto et al. 1993). According to Polom- 
ski and Kuhn (1998), this clearly depends upon the 
groundwater level, the soil type and the correspond- 
ing adaptations of the root system before the change, 
as well as species-specific behavior. Species that easily 
form adventitious roots, and that are able to colonize 
oxygen-poor soil types, such as poplar, willow and al- 
der, in theory react less to sudden water logging than 
species less resistant to wet conditions, such as beech, 
fir and dwarf shrubs. On the basis of their experiments 
with Alnus japonica and literature reviews, Yamamoto 
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et al. (1993) concluded that plant growth is influenced 
by hormones. In the flooded parts of the plant, the 
production of ethylene increases in particular, giv- 
ing rise to the formation of adventitious roots, lateral 
roots and aerenchyma in the bark. 

Dendrochronological and wood-anatomical analy- 
ses can reconstruct the response of individual plants 
to changes in the water level. 

The anatomical variations, caused by hydrological 
changes, have hardly been examined so far. Worbes 
(1988a) studied the tree-ring formation in Tabebuia 
barbata in the Amazon floodplain, Yanosky (1983) an- 
alyzed the reaction to defoliation caused by flooding 
and Cournoyer and Bégin (1992) by the burial of stem 
wood. All macroscopic and microscopic analyses that 
have been carried out so far indicate severe structural 
changes. Some anatomical reactions, which were un- 
doubtedly caused by sudden changes in the water level, 
are described next. 


A Fig. 5.17. Reaction of spruce trees on 
a drained, raised bog to winter floods, 
prior to death. Norway spruce trees, Pi- 
cea abies, died after flooding. Hagenholz, 
canton Zurich, Switzerland (25:1). Re- 
action to a rise in the groundwater level 
during the winter. The rise caused a small 
growth reduction (arrow); the flooding 
caused the death of the tree. In the heavy 
flood, before its death, it still managed to 
form all of the earlywood 


5.3.1 
Artificial Raising of the Groundwater Level 
ina Drained Bog 


Example: Hagenholz near Kappel, canton Zurich, Swit- 
zerland (Figs. 5.17, 5.18). 

Most central European raised bogs were drained 
and their peat was taken away. Lately, for reasons of 
nature conservation, in some remaining pockets of 
bog, the water level has been artificially raised again. 
During this process, many plants that had adapted to 
a lower water level suddenly found themselves outside 
their physiological range of survival. After the ground- 
water levels had been raised during late winter, large 
spruce trees in the flooded area came under stress, 
shed a large proportion of their needles and died dur- 
ing the subsequent summer (Fig. 5.17). The bilber- 
ries did not even come into leaf (Fig. 5.18). On the 
other hand, the spruce trees on slightly higher ground 


A Fig. 5.18. Reaction of dwarf shrubs to winter floods, prior to death. Bilberry, Vac- 
cinium myrtillus, Hagenholz, canton Zurich, Switzerland (250:1). The bilberry does 


not tolerate flooding. The plants which died before the growing season have a com- 
plete, final tree ring (a). Those that died during early summer, about mid-May, still 
formed a row of earlywood pores (b) 
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A Fig. 5.19. Growth reduction caused by a sudden rise in the 
water level, after subsidence following an earthquake on the 
Pacific coast. Populus trichocarpa. Valdez, Alaska, USA (25:1). 
The reduced root space caused a long-term growth reduction 
which mainly affected latewood formation and cell wall thick- 
ening. The subsidence occurred during dormancy, but affected 
growth in the following year. The structural changes were mini- 
mal (arrow) 


(0.5-1 m above the groundwater) did not react at all 
in response to the raised water level. 

As far as wood anatomy is concerned, the dying 
process is highly variable (Fig. 5.17). Individuals with 
roots exclusively in the waterlogged area only formed 
a single row of earlywood cells during the growing 
season; those growing in less critical areas still man- 
aged to form a narrow but complete tree ring. 

The bilberries in the flooded area were unable to 
adapt; they died at the beginning of the growing sea- 
son following the raising of the water level (Fig. 5.18). 
Some individuals were still able to form a row of early- 
wood pores, others were not. 


5.3.2 
Rising Coastline Water Level Due to Subsidence 
of the Land 


Trees along the shores of oceans or large lakes are 
more or less adapted to varying water levels. Species 
in the mangrove belt support daily flooding; species in 
seasonally flooded areas, such as the Amazon or Mis- 
sissippi Delta, survive floods lasting several months 
(Worbes 1988a). Species along the coastline and on 
lake shores, for example, Thuja occidentalis, Populus 
sp., Alnus sp. and Salix sp., support sporadic, short- 
term flooding. In areas of subsidence, or where the 
water level has risen permanently, this event may be 
dated by dendrochronological analysis (Schweingru- 
ber 1996). Hydrological variations also cause anatomi- 
cal changes, which is illustrated in two examples. 

In 1964 at Valdez, on the Pacific coast of Alaska, the 
land surface was lowered by 1-2 m. Owing to the raised 
water level, reduced root space and salt water, many 
trees died; those that survived reduced their foliage 
mass and radial growth (Fig. 5.19). Over the following 
16 years, the survivors formed tree rings with a high 
proportion of earlywood containing many pores, and a 
small proportion of latewood (arrow in Fig. 5.19). 

The southern coast of the Caspian Sea is subject 
to land subsidence and uplift (Parsapajouh, personal 
communication). After subsidence, the alders along 
the coast died (Fig. 5.20); the more distant individuals, 
still within the range of the water, reduced their growth 
(Fig. 5.21). There were few anatomical changes. 


5.3.3 
Lowering of the Groundwater Level 
in Waterlogged Clay Soils 


Trees on waterlogged sites have limited root space be- 
cause of standing water; however, they usually man- 
age to adapt to a variable water level (summary in 
Polomski and Kuhn 1998) by forming a new lateral 
root system after a rise in the water level, or by quick 
regrowth when the water table is lowered (Fig. 5.22). 
In practice, however, it is difficult to observe the ef- 
fects of groundwater-level changes on a plant’s root 
system. Wood-anatomical characteristics are indica- 
tors of hydrological processes: any change is reflected 
in the physiology of those tree parts that grow above 
the ground, in particular the stem. After drainage, if a 
tree is capable of utilizing deeper soil layers, growth 
will increase (Figs. 5.23, 5.24). However, if the root sys- 
tem can no longer exploit very wet soils, growth will be 
reduced (Fig. 5.25). Some examples from raised bogs 
(Figs. 5.24, 5.25) and a fen (Fig. 5.23) will illustrate this. 
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A Fig. 5.20. Dead alders on the southern coast of the Caspian Sea (Nur, Iran, begin- 
ning of the growing season in April 1996). The trees died because of a rising water level 


or subsidence 


> Fig. 5.21. Growth reduction and death caused by a continuous rise of the water 
level, after subsidence on the Caspian Sea. Alnus glutinosa (10.5:1). The sudden re- 
duction in pore density (arrow) indicates a limiting factor during the growing season. 
Death occurred 5.5 years later. The extremely narrow tree rings were formed during a 


flood of long duration 


> Fig. 5.22. The root system of Norway spruce, Picea abies. 
European Russia, in soils with a different water regime. 1 Per- 
meable, loamy sand; 2 weak podsol under grassland; 3 sandy 
soil; 4 gray forest soil; 5 mountainous brown soil; 6, 7 organic 
soils in moorland. On sites with deep, optimal soil, this shal- 
low-rooted tree forms root systems which are up to 2-m deep, 
whereas on waterlogged sites they hardly reach 30 cm into the 
ground. (Kalinin 1983, from Polomski and Kuhn 1998) 


Soil death (cm) 


Soil types 
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A Fig. 5.23. Sudden growth release after 
the artificial drainage of a fen (flysch, gley 
soil). The “dwarf trees” close to the drain- 
age channel were able to access deeper, 


A Fig. 5.24. Abrupt growth release after 
the artificial drainage of a raised bog. The 
dwarf spruce trees on the edge of the bog 
reacted with a sudden increase in growth. 


A Fig. 5.25. Gradual growth reduction 
and death of a larch tree in a raised bog, 
on the shores of a river. During a natu- 
ral change of the course of the riverbed, 


oxygen-rich and nutrient-rich soil lay- 
ers. As a result, these trees formed longer 
shoots and wider tree rings with a wider 
latewood zone. The cell dimensions are 
the same before and after drainage. Nor- 
way spruce, Picea abies. Gurnigel, canton 
Bern, Switzerland (30:1). (Material from 
Griinig 1955) 


5.3.4 

Reduced Soil Water Content After 

the Abandonment of Old Agricultural Irrigation 
Systems 


Since prehistoric times, in all agricultural areas with 
little precipitation, the construction of irrigation sys- 
tems has made tree growth possible. More recently, a 
change in the use, or the abandonment of, fields re- 
sulted in the decay of irrigation channels. The subse- 
quent lack of water changed the vegetation: after only 
a few years, dead deciduous trees, often alders, fringe 


(Material courtesy of J. Schmid) (10:1) 


the raised bog was partly eroded and 
drained. The root system of the 5-m-tall 
trees was unable to reach down to the 
sinking water level, and the trees’ growth 
continually diminished. Another erosion 
event, ll years later (arrow), lowered 
the water level even further, causing the 
death of the trees. Prior to death, the tree 
rings often only consist of a single row of 
earlywood and latewood. Larix dahurica. 
River Moma, Yakutia, Russia (35:1) 


dried-up watercourses, and on no longer irrigated 

grassland, large trees fight for their survival. The en- 

vironmental effects of these hydrological changes are 
illustrated by three examples from the inner alpine dry 
valley Wallis in Switzerland: 

1. In 1984, the construction of an underground water 
system led to the abandonment of a nearly 1,000- 
year-old system of watercourses. The old Scots pine 
trees, which were affected by lack of water, showed 
no outward symptoms of stress. In the now dry 
watercourses, deciduous woody plants germinated 
(Fig. 5.26). 
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A Fig. 5.26. Old watercourse, invaded by shrubs, in a dry val- 
ley. Wallis, Switzerland 


2. The destruction of a water-supply line by rockfall. 
All the alders affected by lack of water died, and the 
hydrophilous plant community gave way to a dry 
plant community. 

3. The irrigation system of a sheep pasture was aban- 
doned, affecting up to 15-m-tall ash trees, which 
lost a large proportion of their crowns and appear 
to be dying. Several branches have formed short 
adventitious shoots. The area will be transformed 
into grassland (Fig. 5.27). 


In the tree-ring series of dead and surviving trees 
along dried-up watercourses, the environmental 
changes are reflected in different anatomical changes 
in the stem wood. Lack of water in the root area 
causes growth reduction, i.e., reduced cambial activity 
(Fig. 5.28a). On the basis of this growth pattern change, 
the event can be dated dendrochronologically. Ac- 
cording to Brihlhard (1999) and Rigling et al. (2004), 
in conifers, latewood cell wall growth is reduced in 
particular (Fig. 5.28a). In a situation of extreme water 
stress, usually just prior to death, the cell wall elonga- 
tion in conifers is inhibited, and the tracheids remain 
small (Fig. 5.28c). Diffuse-porous deciduous woody 


A Fig. 5.27. Dying ash tree in a dry valley. When irrigation was 
abandoned, the trees gradually died. Wallis, Switzerland 


plants react to extreme drought stress with a reduc- 
tion in the number of earlywood pores and increased 
latewood formation (Fig. 5.28d). 

In dead and alive twigs and branches, water stress 
is expressed anatomically in many ways (Fig. 5.29): 
tree-ring width, ground tissue cell wall thickening 
and earlywood pore size are all reduced. The tis- 
sue dies suddenly, without any symptoms prior to 
death, or after a 2-6-year-period of growth reduction 
(Fig. 5.29a, b), usually at the moment when the tree 
comes into leaf and requires large quantities of water 
(Fig. 5.29a). 


5.3.5 
The Periodical Drying-out of Riverbeds 
and Coastlines 


Riverbeds are subject to extreme site conditions which 
influence morphology, age, growth and wood struc- 
ture (Schweingruber 1996). Periodic flooding, which 
transports variable amounts of sediment, is respon- 
sible for positional changes, stem injuries and the re- 
sultant reaction of the trees. 
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A Fig. 5.28. Growth reduction and anatomical changes prior to the death of pines and alders which had grown along a dried-up, 
artificial watercourse in a dry area of the Wallis, near Raron, Switzerland. a, b Scots pine, Pinus sylvestris (40:1 and 160:1). c, d Gray 
alder, Alnus incana (15:1 and 140:1). Below a leaking watercourse on a steep slope, a mixed alder—pine wood became established 
on the grassland. After the watercourse had dried up, all the alders and some of the pines died. An immediate result of the lack of 
water is growth reduction (arrows in a, c) and, in the conifers, reduced cell wall growth in the latewood (a). Often, conifers also have 
a higher density of resin ducts (a). In conifers, extreme drought stress causes a reduction in the size of earlywood tracheids (b), and 
induces traumatic resin ducts (b). In the diffuse-porous deciduous tree, earlywood width and the number of vessels are reduced, 
whereas the number of ground tissue cells in the latewood increases (c). In both conifers and deciduous trees, the tree rings are often 


discontinuous (d) 


< Fig. 5.29. Reaction of plants when the irrigation system of 

a sheep pasture is abandoned, in Ausserberg, Wallis, Switzer- 
land. Sampling date April 15, 1996. Common ash, Fraxinus 
excelsior. Dead twigs. a Death occurred after a dying phase 
lasting 3 years (arrow), when the tree came into leaf. Only some 
earlywood vessels were formed (20:1). b Death occurred after 

a dying phase lasting 2 years (arrow), when the tree came into 
leaf. The earlywood pore ring is only partially formed (35:1) 
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Periodic drought, caused by climatically induced 
or man-made low water levels, affects the growth, lig- 
nification and wood structure of trees on gravel. As 
seen in a ring-porous and a diffuse-porous deciduous 
tree, extreme drought influences the cell’s division, en- 
largement, wall formation and differentiation. Abrupt 
growth reduction and discontinuous pore zones 
(Fig. 5.30a), cell collapse (Fig. 5.30b), density varia- 
tions (Fig. 5.30c), callus tissue (Fig. 5.31) and little- 
thickened ground tissue cells have been observed. 

Flood periods of tropical coastal rain forests in 
Brazil at 22°S influence xylem differentiation of 13 
species by forming small fibrous zones, parenchymatic 
bands and tangential crystalliferous zones (Callado et 
al. 2001). 

Donaldson (2002) clearly demonstrates that pines 
(Pinus radiata) growing on shallow soils react with 
tracheid collapses to drought stress. The reason is a 


reduced lignification of the middle lamella and the 
secondary cell wall. 


5.3.5.1 
Ring-Porous Wood Species 
in a Riverbed with a Regulated Water Level 


At the bottom ofa valley in central Ticino, near Biasca, 
Switzerland, there are stands of woodland on shallow 
shingle, close to a river whose bed has been artificially 
lowered by about 4 m and whose course was straight- 
ened. The sick crowns of ash trees (many dry branches) 
indicate that their roots do not reach the groundwater 
level. From a comparison of several, dendrochrono- 
logically dated, wood-anatomical characteristics, with 
extreme weather conditions (meteorological stations 
at Comprovasco and Grono), it can be assumed that 
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A Fig. 5.30. Extreme anatomical characteristics in ash trees, Fraxinus excelsior, on permeable shingle of the river Tessin, near 


Biasca, Switzerland (30:1). a Abrupt growth reduction from 1989 (arrow) onwards as a result of extreme drought. Many trees lost a 


large proportion of their crown. All reacted with a more or less pronounced growth reduction. b Collapsed and thin-walled ground 


tissue cells in the latewood of 1976 as a result of the drought from June 1975 to August 1976. During the extremely dry weather in 


June and July 1976, the thin-walled, little-lignified cells collapsed owing to high soil-moisture tension (Stockli and Schweingruber 


1996a).c Intra-annual density fluctuation in 1978. A narrow band of thin-walled ground tissue cells in the latewood was probably 


caused by a short-term drought during July and August. During the rather wet late summer, cell wall thickening proceeded nor- 


mally 
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A Fig. 5.31. Stress reactions to mechanical and hydrological events in gray alders, Alnus incana. Riverbed of the torrent Maggia, 
Ticino, Switzerland. a Stem corrosion (hidden wound) caused by a flood during latewood formation in August. The injury triggered 
chemical compartmentalization and callus formation, and locally gave rise to an additional latewood zone (40:1). b Abrupt growth 
reduction as a reaction to the exposure of a large part of the root system (40:1). c The tree lost its leaves at the end of the period 
of radial growth, before cell wall thickening ended, i.e., towards the end of August. This defoliation and the inclination of the tree 
gave rise to little latewood density in the same year. During the following year, on the tree side subjected to tension, an earlywood 
zone with strong tension wood was formed (25:1). d Drought during the period of tree-ring formation causes intra-annual density 
fluctuations or false rings, as well as a reduction in latewood pore density.(40:1). e A sudden drop in the groundwater level causes 


cell collapses, owing to high soil-moisture tension (160:1) 
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especially missing precipitation during the early sum- 
mer months limits tree growth and changes its struc- 
ture (Fig. 5.30). 


5.3.5.2 
Diffuse-Porous Wood Species in the Bed 
of a Torrent with a Variable Water Level 


The southern alpine, unregulated mountain stream 
Maggia in the Swiss Ticino has considerable ero- 
sive capacity because of its steep gradient. The river 
often changes its course, destroys older woodland 
stands, erodes the soil or covers it with sediment, 
thus creating new ground. According to Bayard and 
Schweingruber (1991), an old woodland stand on 
this site does not reach more than 30 years of age. 
Periodically, the river changes its bed, cutting deeply 
into the soil, whereas the water flow is regulated and 
reduced by power stations, so the trees in the flood- 
plain often suffer from drought stress. Mechanical 
as well as hydrological events are reflected in the 
tree-ring series. It must, however, be emphasized that 
these events can only be cross-dated in samples origi- 
nating from the same small area. Alders growing in 
the riverbed are often subject to injuries (Fig. 5.31a), 
abrupt growth changes (Fig. 5.31b), tension wood 
(Fig. 5.31c), intra-annual variation of ground tissue 
cell size (density fluctuations) and vessel arrangement 
(Fig. 5.31d), cell collapse and the formation of callus 
tissue (Fig. 5.31e). 


5.3.6 
Periodical Summer Drought 
in Mediterranean Climates 


In warm and dry regions, precipitation is the most im- 
portant factor that limits growth (Glock and Aegerter 
1962). Cherubini et al. (2003) showed this on the ba- 
sis of radial growth of Agathis australis from humid 
New Zealand and from California with its summer 
drought. In its native New Zealand, the tree forms a 
ring every year, consisting of earlywood and latewood. 
In California, on the other hand, the seasonal drought 
inhibits cambial activity and causes intra-annual den- 
sity fluctuations. As a result, the wood cannot be dated 
dendrochronologically. 

Examples from Mediterranean climates are shown 
later. The Mediterranean climate is characterized by 
periods of rain in autumn, winter and spring, and by 
summer drought (Cherubini et al. 2003). As soon the 


plants have come into leaf in early spring (Fahn 1990), 
and earlywood has been formed (Liphschitz and Lev 
Yadun 1986), the summer drought inhibits further 
growth. All conifers react to this with the formation of 
intra-annual density fluctuations (Fig. 5.32). The rainy 
autumn triggers a second phase of cambial activity 
until, at the end of the autumn, the ring finally closes. 

The different reactions to the Mediterranean cli- 
mate shown in the following four examples are a selec- 
tion of many possibilities (Cherubini et al. 2003). It is 
intended to illustrate here that anatomical character- 
istics can be analyzed ecophysiologically and climato- 
logically, using dendrochronological methods. 

The ring-porous downy oak forms tangential libri- 
form fiber bundles (Fig. 5.33). After the beginning of 
late summer rains, a second period of growth starts. 
In oak, a wide latewood zone is formed, which is typi- 
cal of the reduced water flow: dense, parenchyma-rich, 
with small vessels. From an ecophysiological point 
of view, the tree ring is divided into two parts: the 


“earlywood ring” with its large pores is able to satisfy 


the great water demand of the plant during leaf pro- 
duction; the “latewood ring” with its small pores is 
adapted to a reduced water supply and transpiration 
during the summer. Diffuse-porous deciduous woody 
plants, for example, Arbutus unedo, react to summer 
drought stress with the formation of a “truly false ring,” 
a reduction in the number of pores and the collapse 
of vessels. 

On the basis of these tree-ring series, the regular- 
ity of a summer drought or the monsoon rains may 
be reconstructed (Fig. 5.32). It must be emphasized, 
however, that in particular evergreen Mediterranean 
oak trees do not form distinct tree rings. 

Intra-annual differentiation increases in years with 
wide tree rings, because at every moment cells capa- 
ble of differentiation are available. In the example of 
Fig. 5.32, density fluctuations in tree rings narrower 
than 0.3 mm are not shown. 


5.3.7 
Stress Reactions in Potted Plants 


There is hardly an object more suitable for the obser- 
vation of stress reactions than potted plants because, 
using several individuals, we can determine the physi- 
ological or anatomical characteristics reflecting the 
nutrient and water conditions retrospectively. This 
is particularly important if plants are to be used for 
physiological experiments, for example, fumigation. 
On the basis of the tree-ring series, the plant’s history 
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<< Fig. 5.32. Intra-annual density fluctuations in conifers 
in areas with summer drought. Pinus excelsa. Mt. Chiricahua, 
Arizona, USA (10.5:1). The summer drought usually begins 
in June. The tree reacts to this with an intra-annual density 
fluctuation. When the monsoon starts, growth takes up again. 
In late autumn, the tree ring is closed by latewood with thick- 
walled cells (arrows) 


< Fig. 5.33. Tree-ring series of a deciduous tree in a mediter- 
ranean region with summer drought. Ring-porous species: 
Downy oak, Quercus pubescens, on deep brown earth. Vesime, 
Piedmont, Italy (22:1). After the formation of the earlywood 
pore ring and the opening of the buds in May, the summer 
drought influences the wood formation. An approximately 
0.5 mm wide band of libriform cells is formed, which hardly 
contains any vessels or parenchyma cells 


can be reconstructed, and the actual condition of the 

individual may be determined. The following results 

were obtained from some spruces: 

¢ Plants not supported by canes react to the slight- 
est change in position with compression wood for- 
mation (Fig. 5.34a), and with intra-annual density 
fluctuations (Fig. 5.34b). 

¢ The container size limits root growth and, thus, 
plant growth. In small containers (Fig. 5.34b), with 
optimal water and nutrient supply, the plant pro- 
duces a dense mat of roots, which may inhibit the 
development of plant parts above ground. Larger 
containers favor better growth: taller plants with 
wider tree rings are produced (Fig. 5.34c). 

e Lack of water causes reduced tree-ring widths, 
small tracheids, traumatic resin ducts and possibly 
a stop in cambial activity and the death of the plant 
(Fig. 5.34d, e). 

¢ Careless transplanting, especially when the root 
system is exposed at the time of the bud-break, 
causes water stress which leads to cell collapse and 
later to the formation of tangential traumatic resin 
ducts (Fig. 5.34f). 


5.4 
Insolation As a Factor of Growth 


5.4.1 
The Anatomy of Plants Growing in Light 
or Shade 


“Apart from soil quality and freshness, in woodlands, 
scientifically controlled insolation is undoubtedly the 
most important factor of growth” (Pressler 1883). 
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When young plants receive less than 2% (Larcher 
1994) of the available sunlight, short shoots are formed, 
and the biomass production of the entire plant is re- 
duced many times over. The reactions to such condi- 
tions are species-specific: light-demanding species re- 
act more strongly to deep shade than shade-bearing 
ones. Furthermore, the demand for light increases 
with age. It is not very well known that insolation 
affects growth in all wood-forming processes. Peter- 
son (1899) and Léhr (1969) found that in suppressed, 
ring-porous woody plants, which received less than 
2% of the available sunlight, the earlywood pore 
zone was discontinuous, and that the anatomy dif- 
fered markedly from that of the stem wood. In more 
recent times, this phenomenon was pointed out by 
Baumberger (1997), Lischer (1998) and Schéne and 
Schweingruber (1999). The modifying effect on the 
anatomy is most clearly seen when the stem wood of 
large, mature trees from sites with optimal light, wa- 
ter and nutrient conditions is compared with that of 
small seedlings on sites with minimal light conditions, 
but optimal water and nutrient supply (Fig. 5.35, Ta- 
bles 5.1, 5.2). 

In contrast to the stem wood of large trees, the xy- 
lem of “ecological dwarfs” (Schone and Schweingruber 
1999) is mechanically little stressed, crossed by little 
sap flow and adapted to long-term deficiencies (deep 
shade). Structure is adapted to function: in small 
plants, the water-conducting area is small (few, small 
pores), the proportion of parenchyma is high (axial 
parenchyma and rays), the rays are narrow and their 
cells are radially short. The tree-ring boundaries are 
usually indistinct. Often the ground tissue fibers are 
thin-walled. 


5.4.2 
General Wood-Anatomical Characteristics 
of Densely Shaded Plants 


According to Larcher (1994) and Mitscherlich (1981), 
dense shading is defined as a light intensity of less than 
2% of the available sunlight, and this inhibits growth in 
every sense. An external indication is a reduced shoot 
elongation. Young plants remain small, the leaf mass is 
low and ramification is inhibited. In old plants, mainly 
short shoots with few leaves are formed (Fig. 5.36). 
Within the xylem, lack of light affects all growth 
processes. This is summarized in Fig. 5.37, and is 
shown for various species in Fig. 5.35. 
¢ Cell division is reduced. 
¢ Cell wall elongation affects the water-conducting 
elements, particularly in juvenile plants. 


¢ Differentiation causes altered proportions between 
supporting, conducting and storage elements 
(Fig. 5.37). 


In plants growing in a densely shaded environment, 
the following characteristics can be attributed to the 
lack of light: 
¢ In older plants, new growth is usually abruptly re- 

duced (Fig. 5.37a, b). 

« In young plants, the pores, and toa lesser extent also 
the ground tissue cells, remain small (Fig. 5.37c). In 
older plants, shading rarely causes a reduction in 
pore size. 

e In young plants, the earlywood pore rings of ring- 
porous species are discontinuous (Fig. 5.37c). 

e In shaded, young plants, the number of pores is 
small (Fig. 5.37c). In shaded, old plants, the num- 
ber of pores remains high (Fig. 5.37b). 

e Cell wall thickness, in particular in latewood 
ground tissue cells, is much reduced especially in 
old plants (Fig. 5.37a,b). Owing to reduced me- 
chanical stress, the ground tissue cell walls of young 
plants are often, but not always, thinner than those 
of older plants (Fig. 5.37b). 

¢ Ground tissue cell size is hardly affected by shading 
(Fig. 5.37). 

¢ The number of tangentially flattened, marginal 
ground tissue cells is usually low; often, flattened 
ground tissue cells are absent (Fig. 5.37c). 

¢ Dense shading affects the ray structure of young 
plants; the rays are not as wide as those in the stem 
wood (Fig. 5.37c). The radial diameters are much 
lower than those in the stem wood (Fig. 5.37c). The 
shading of adult xylem does not cause changes in 
the ray (Fig. 5.37a, b). 

¢ There are various dead parts on the outside of the 
xylem; some parts of the stem continue to live for 
years, whereas others have been dead for a long 
time or have at least ceased to grow (Fig. 5.37, b). 
Within the plant as a whole, the moment of death 
is likely to vary even more than at a certain height 
in the stem. 

¢ Generally, in the dying phase of conifers, resin duct 
density is not increased. 


Shading inhibits the ontogenesis in young plants. 
Dwarfed growth, small pores and narrow rays give 
rise to the assumption that the plants remain in the 
juvenile phase for a long time. If light conditions do 
not improve, the plants will probably never enter the 
adult phase. 

It is difficult to date densely shaded plants, or parts 
of plants. The most accurate age determination is 
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< Fig. 5.34. a, b Potted plants (clones) from the experimental nursery in Birmensdorf, Switzerland. Reactions to positional 
changes (40:1). First tree ring in 1990. Moving the plants around several times has caused unpredictable, undatable compression 
wood zones: a wide, late compression wood in 1992. 

b, c Reaction to container size (10.5:1). First tree ring in 1990. During the first 2 or 3 years, the radial growth of plants in large 

or small containers is more or less the same. After that, height and radial growth of the plants in small pots are reduced: tree 
height small pot 40-50 cm, large pot about 120cm. Tree-ring width 1993 and 1994 small pot 2 mm, large pot 6 mm. Clone 31/44. 
b Container of 18-cm diameter, height 16 cm; ¢ container of 24-cm diameter, height 24 cm. 

d, e Reaction to lack of water at the beginning of leaf production (25:1). The plants lacked water from the end of the penulti- 
mate growing season. The cell walls in the individual are, therefore, not fully thickened and died during the period of dormancy 
1995/96. The other plants were still able to produce a more or less small ring in 1996, and immediately afterwards, a row of tangen- 
tial resin ducts was formed. 

f Reaction to root exposure at the time of bud-break (150:1). On April 18, 1995, at the beginning of bud-break, the roots were 
exposed for a couple of days before the plant was repotted. The resultant transpiration pull, which could not be compensated, 
caused the tracheids to collapse in all individuals. The collapse affected the first rows of earlywood cells. As water transport was 
obstructed by the death of the fine roots, the cell wall elongation process was inhibited; after the cell layer had collapsed, the tra- 
cheids did not reach complete radial elongation. The tangential traumatic resin ducts are a delayed result of this 


< Fig. 5.35. Comparison between the 
stem wood structure of straight, large 
trees and of small, shaded individuals 
(100:1). a, b Fagus sylvatica, c, d Fraxi- 
nus excelsior. a, c Adult stem wood of 
dominant, many meters tall individuals 
on optimal sites. b, d Juvenile stem wood 
of densely shaded, dwarf individuals. 
Further explanations see Tab 5.1 and 5.2 
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Table 5.1. Wood-anatomical characteristics of adult and juvenile wood of a ring-porous species. Common beech, Fagus sylvatica 


The table corresponds with Fig. 5.35a, b 


Adult stem wood 


Densely shaded seedling 


Pore arrangement in the latewood 
Pore frequency in the earlywood 
Pore frequency in the latewood 
Pore size in the earlywood 


Arrangement of ground tissue fibers 


Wall thickness of ground tissue fibers 
Rays 


Tree-ring boundaries 


Single and in small groups 
Dense 

Dense 

40-80 um 

Regular 


Rather thick-walled 


Uniseriate to multiseriate: 1-6 and 
>10 


Distinct; recognizable in particular 
by their semiring porosity, tangen- 
tially flattened, marginal ground 
tissue cells and the wide rays 


Single 

Loose 

Very loose 

20-40 um 

Regular, between much apotracheal 
and paratracheal parenchyma 


Rather thick-walled 


Uniseriate to multiseriate: 1-4 


Rather distinct as in the stem wood; 
recognition is made more difficult by 
many regularly distributed paren- 
chyma cells 


Table 5.2. Wood-anatomical characteristics of adult and juvenile wood of a diffuse-porous species. Common ash, Fraxinus excel- 


sior. The table corresponds with Fig. 5.35c, d 


Adult stem wood 


Densely shaded seedling 


Pore distribution 

Pore arrangement in the latewood 
Pore frequency in the earlywood 
Pore frequency in the latewood 
Pore size in the earlywood 
Arrangement of ground tissue fibers 


Wall thickness of ground tissue fibers 


Rays 


Tree-ring boundaries 


Ring-porous 

Single and in radial pairs 
Dense; pore ring 

Loose 

150-200 um 

Regular 


Usually thick, latewood pores; very 


thick-walled 


Uniseriate to multiseriate: 2-3 (rarely 4) 


Distinct; recognizable in particular by 


their ring porosity 


Diffuse to semi-ring-porous 
Single 

Very loose 

Very loose or missing 
30-60 um 

Regular 

Rather thick-walled 


Uniseriate to biseriate; ray cells shaped 
like ground tissue cells 

Indistinct; recognizable in particular by 
their flattened, marginal ground tissue 
cells, possibly by their discontinuous 
earlywood pore rows 
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achieved on the basis of bud-scale scars (Fig. 5.36). 
However, this is only possible in shoots with a smooth 
bark; in fast-growing, rough bark, the annual scars 
soon disappear. 

Tree-ring counts are not an accurate dating method, 
because often tree rings are missing, as shown in a 
comparison between the number of annual shoots 
and tree rings. Owing to discontinuous or missing 
pore rings and rows of tangentially flattened mar- 
ginal cells (Fig. 5.37b, c), the annual boundaries of 
growth zones are often not even visible in microsec- 
tions, even in ring-porous species. Especially in times 
of reduced growth, wedging tree rings are common 
(Fig. 5.37, b). 

There is great structural variability between plants 
(Fig. 5.38, 5.39). In densely shaded ash trees, a struc- 
tural change takes place in the lower, slightly thickened 
part of the stem, which is probably in the vicinity of 
the old germination stem. Here, a ring-porous wood 
formed out of a wood containing few pores (Fig. 5.39). 


< Fig. 5.36. Age determination of twigs on the basis of bud- 
scale scars. Long shoot of a mountain pine, Pinus mugo 


During all previous observations, a higher proportion 
of water-conducting vessels was found in the root area 
than in the stem wood. It can be assumed that not only 
the vessels but also the ground tissue cells have water- 
conducting functions. 

The ground tissue cells at the stem base are larger 
and have thinner walls than the cells of the little stems 
8 cm above the ground (Fig. 5.39). In the lower part 
of the stem, the pith is enlarged from the bottom up- 
wards. 


5.4.3 
Reduced Light Intensity Modifies the Stand 
and Affects Mortality 


This section illustrates how different ecological situa- 
tions influence stand dynamics. Examples show how 
dense shade modifies the xylem, from the germina- 
tion phase to the adult plant stage. 
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A Fig. 5.37. Wood characteristics induced by lack of light. a Scots pine, Pinus sylvestris. Big, dead tree with a very small crown, 
standing amongst large beech trees. Birmensdorf, Switzerland (80:1). Abrupt growth reduction starting with tree ring no. 8. The 
dying phase lasted about 10-12 years. Characteristics of this phase are as follows: (1) very narrow tree rings; often they contain only 
a single row of earlywood and latewood tracheids; (2) wedging tree rings, for example, ring no. 15; (3) nearly absent tree rings, for 
example, ring no. 10; (4) absent wall-thickening in latewood cells, for example, ring no. 15; (5) local death of cells or at least an inter- 
ruption of growth. The moment of the tree's death cannot be determined. On the left, the last earlywood tracheids indicate death in 
the summer, whereas on the right, the latewood tracheids point to death after the end of the growing season. 

b Alpine honeysuckle, Lonicera alpigena. Dead shrub grown in the shade of large deciduous trees. Rossberg, Schwyz, Switzerland 
(90:1). Abrupt growth reduction starting with tree ring no. 5. Characteristics of the 5-year dying phase are as follows: (1) narrow 
tree rings which contain almost only earlywood pores; (2) wedging tree rings, for example, ring no. 7 disappears towards the left 
margin; (3) invisible tree-ring boundaries, because of the absence of flattened, marginal ground tissue cells, for example, from ring 
no. 8 onwards; the later ring count is uncertain; (4) the absence of ground tissue cell wall thickening, for example, from ring no. 8 
onwards; (5) a local interruption of growth prior to death. On the left margin, there are probably two tree rings more than on the 
right side. The moment of death could only be determined by an analysis of many parts within the individual; (6) prior to death, 
pore size is slightly reduced. 

¢ Common ash, Fraxinus excelsior. Seedling grown in the shade of large deciduous trees. Birmensdorf, Switzerland (90:1). Char- 
acteristics of the entire phase of life include the following: (1) relatively narrow tree rings; (2) discontinuous and absent pore rings 
(tree ring no. 4) in the earlywood; (3) the almost absent tree-ring boundary in the ground tissue; only in the first tree ring, the 
marginal ground tissue cells are continuously tangentially flattened; (4) the large proportion of parenchymatous cells; (5) small 
earlywood pores; in the stem wood, the diameters are 2-4 times as large; (6) uniseriate rays (in the stem wood they are biseriate); 
(7) radially shortened ray cells 
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< Fig. 5.38. Cell wall changes within a plant. Common ash, 
Fraxinus excelsior. Sapling, Rossberg, Schwyz, Switzerland 
(100:1). In the upper part of the stem (a), the pith is larger than 
in the lower part (b) which is covered by soil than those in the 
stem 8 cm aboveground 


Fig. 5.39. Structural changes within 
a ring-porous species grown with lack of 
light. Common ash, Fraxinus excelsior. 
Sapling, Rossberg, Schwyz, Switzerland 
(20:1). At the thickened stem base (a) 
the number of vessels is smaller than 
that 8 cm above the ground (b) in the 
narrower part of the stem. Within a few 
centimeters, the change from wood with 
almost no pores to ring-porous wood 
occurs 
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5.4.3.1 
Reduced Light Intensity in Each Individual’s Crown 


A range of interacting factors, influenced by the light 
conditions, determine the shape and size of the as- 
similating tree crown. Light availability determines 
bud-break, elongation (short and long shoots) and 
the death of shoots (Figs. 4.20-4.22, 4.25, 5.40). The 
anatomy of the xylem in the branches mainly depends 
on varying light conditions. The duration of the dying 
process is very variable. 


5.4.3.2 
Reduced Light Intensity in the Canopy 
of Even-Aged Stands 


When areas without vegetation are recolonized, for ex- 
ample, after a fire, flood or even after clear-felling, often 
a dense woody plant stand forms very quickly. After 
a single year, the physiological processes are deter- 
mined by reduced light intensity. This process begins 


in the herbaceous plant layer and ends, after decades 
or even centuries, in the canopy (Fig. 5.41). Without 
human intervention, the species best adapted to the 
site will prevail. According to Leibundgut (1966), in 
the first few decades, the number of individuals will 
be reduced many thousand times over. 


5.4.3.3 
Reduced Light Intensity in Open, Man-Made 
Stands 


In abandoned chestnut groves (Fig. 5.42) and coppice 
with standard woods, for example, reduced light in- 
tensity affects tree morphology and wood formation 
in the canopy and ground layer. From the beginning 
of the 1970s, a belt of evergreen deciduous trees has 
invaded previously open chestnut groves in southern 
parts of the Alps. 

Reduced light conditions are expressed in the ana- 
tomical structure. The differences between small seed- 
lings and long shoots are particularly large (Fig. 5.43). 


< Fig. 5.40. Dead branches in shaded parts of conifer and 
deciduous tree crowns. a Cembran pine, Pinus cembra. Very 
old branch (20:1). b Norway spruce, Picea abies. Branch from 
a densely shaded branch whorl (20:1). The dying process in 
the tree crown is very variable in terms of structure and time: 
a abrupt, b continuous 
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< Fig. 5.41. Stem wood of large, old, dead pines between 
large beech trees. Scots pine, Pinus sylvestris. Birmensdorf, 
Switzerland; stem cross sections taken at breast height (15.5:1). 
Amongst some 25-m-tall beeches, several dead pines of the 
same height were found. After some 120 years, the pines’ can- 
opy was suppressed by the beeches that are better adapted to 
the site. The pines continuously lost more and more branches 
from their crowns. The dense shading caused the death of 
the trees. a Death was abrupt, probably caused by the bark 
beetle. b Growth was abruptly reduced, and death occurred 
25-30 years later. During the suppressed phase, resin duct 
density was not increased 


< Fig. 5.42. Seedlings in a previously managed, old, open 
chestnut stand. Aranno, Ticino, Switzerland (20:1). a Com- 
mon ash, Fraxinus excelsior (see also Fig. 5.38). b Wild cherry, 
Prunus avium. In the shaded herbaceous plant layer, 20-50- 
cm_-tall seedlings survived for decades. Most stem bases got 
into the litter and humus layer, which had accumulated owing 
to the large number of fallen leaves. Indistinct and narrow 
tree rings are characteristic of all species and individuals. 

The small pores in all species are mainly due to lack of light. 
Discontinuous pore rings (a) are characteristic of ash; typical 
of cherry are the prevalently absent tree rings and very wide 
rays (b). Although the cuts were made on parts of the stem 
now underground, they definitely used to be shoots, as shown 
by the pith. When the area was no longer managed because of 
chestnut cancer (Cryphonectria parasitica), a recolonization 
by woodland started. On the deep soil, tree seedlings of many 
different species quickly became established 
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5.4.3.4 
Reduced Light Intensity in Tree Stands 
with Several Even-Aged Tree Generations 


In stands with several even-aged generations of trees, 
lack of light eliminates individuals in every tree layer 
(Figs. 5.44-5.48). The stand structure is determined by 
light conditions, which vary at an extremely small scale. 


5.4.3.5 
Reduced Light Intensity in Coppice Woods 


In coppice woods, reduced light intensity affects 
both seedlings and coppice shoots. Seedlings of 
trees (Figs. 5.49, 5.50) and dwarf shrubs (Fig. 5.51) 
adapt to poor light conditions caused by fast-grow- 
ing, densely leafed coppice shoots. The seedlings will 
only survive if the coppice shoot canopy is opened 
by some disturbance, such as a storm or pathogens. 
The coppice shoots (Figs. 5.52, 5.53) develop from ju- 
venile plants to trees which form domelike coppice 
woods. Most individuals (clones) die during com- 
petitive thinning. 


< Fig. 5.43. Anatomical structures of evergreen suppressed 
deciduous woody plants as an expression of stand formation 
in a chestnut grove. Solduno, near Locarno, Ticino, Switzer- 
land (20:1). a Laurel, Laurus nobilis. b Cherry laurel, Prunus 
laurocerasus. The tree rings are distinct when the plant grew 
above ground and indistinct when they grew below ground in 
the litter layer (outer part of b) 


5.4.3.6 
Reduced Light Intensity on Abandoned 
Agricultural Land 


On fields, in open grassland and grazed scrub, within 
a few years, the prevailing light conditions give rise to 
processes which alter the landscape (Figs. 5.54, 5.55). 


5.4.4 
Improved Light Conditions Favor Growth 
and the Formation of New Stands 


Particularly in young plants, any growth reduction 
caused by reduced light intensity is reversible if light 
conditions change. 

In forestry, thinning improves timber production 
and the quality of the stem wood. Without human 
intervention, stand-destroying natural disturbances 
such as fire, windthrow and volcanic activities deter- 
mine the success of germination and the production 
of vegetative shoots. As growth usually improves very 
quickly after an event, abrupt growth increases are 
datable indicators of previous thinning processes. Fig- 
ure 5.56 shows some examples. 
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< Fig. 5.44. Small, alive chestnut seedlings under the dense 
canopy of old chestnuts. Sweet chestnut, Castanea sativa. Arce- 
gno, Ticino, Switzerland (32:1). The small earlywood pores are 
characteristic. Sweet chestnuts germinate and form their first 
leaves just before the large trees of the stand come into leaf. The 
seedlings under the dense canopy are able to grow owing to the 
food reserve in the large cotyledons. Being very shade-toler- 
ant, they can survive up to 30 years as 50-80-cm-tall, stunted 
seedlings. Owing to large amounts of leaf litter, after a few 
years, the bases of their stems finish below the surface, in the 
litter and humus layer. The weight of the snow often makes the 
plants lean over. As a result, tension wood zones are common, 
for example in a. The tree rings are not always distinct, and 
they are very narrow 
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< Fig. 5.45. Small, dead spruce seedlings under a canopy of 
Scots pine, Pinus sylvestris, with dense needle cover. Norway 
spruce, Picea abies. Rossberg, Schwyz, Switzerland. a, b) 20:1; 

c 110:1. The now dead, 50-80-cm-tall spruce seedlings germi- 
nated in the shade, as indicated by the narrow growth rings in 
the center. The dense shade inhibited radial growth. The aver- 
age ring widths are 0.2 mm ina and 0.35 mm in b. In extreme 
situations, the growth rings which consist of only two rows of 
cells are discontinuous. Despite the stressed condition, the resin 
duct density is low. Possibly because of the weight of snow, the 
plants have formed compression wood, or at least thick-walled 
tracheids. After about 30-50 years, shade tolerance diminishes, 
and cambial activity ceases abruptly or gradually 
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A Fig. 5.46. Small, dead fir seedlings 
under a canopy of fir and spruce trees 
with dense needle cover. Silver fir, Abies 
alba. Alpe Cardada, 1,600 m above sea 
level, Ticino, Switzerland (40:1). Trau- 
matic resin ducts (100:1) are prelatal 


stress reactions A Fig. 5.47. About 2-m-tall, dead spruce trees in a dense spruce wood. Norway 
spruce, Picea abies. Plantation, Mariazell, Austria(25:1). The spruce trees in this 100- 
year-old monoculture have different heights. The weak individuals survived for up to 
almost 20 years in the 20-m-tall spruce wood. After an abrupt growth reduction, the 
trees died after about 4 (b) to 17 years (a). The time of death cannot be determined 
with accuracy because the last tree rings are incomplete. In part, cell wall thickening or 
even flattened latewood cells are absent 


< Fig. 5.48. Sycamore and hornbeam 
seedlings below the open canopy of 

a deciduous woodland. a Hornbeam, 
Carpinus betulus. b Sycamore, Acer 
pseudoplatanus. Birmensdorf, Switzer- 
land (25:1). After a mast year, a very 
dense hornbeam/sycamore seedling 
stand has been formed, in which the 
0.2-1.0-m-tall individuals are all 4 years 
old. Small, loose pores are characteristic 
of both species. Groups of libriform 
fibers on the tree-ring boundaries, which 
are characteristic of juvenile wood, 
hardly noticeable radially arranged 

pore groups and indistinct tree-ring 
boundaries are all typical of hornbeam. 
The ground tissue cell walls are hardly 
thickened. The tree-ring boundaries vary 


considerably 
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< Fig. 5.49. Live sweet chestnut seedlings in a chestnut cop- 
pice wood. Sweet chestnut, Castanea sativa. Vesime, Piedmont, 
Italy (20:1). Immediately after the tree stand was felled, the 
chestnut seedlings germinated in the open ground, as indicated 
by the wide growth rings. Already 3 or 4 years later, the seed- 
lings were densely shaded by about 3-m-tall coppice shoots 
which reduced the seedlings’ growth many times over. The 
vitality of the seedlings collected in 1995 is low; the last three to 
five growth rings are discontinuous 


> Fig. 5.50. Dead poplar seedlings in a sweet chestnut cop- 
pice. White poplar, Populus alba. Vesime, Piedmont, Italy. 40:1;. 
After the chestnuts had been felled, many light-demanding 
poplar seedlings regenerated. For a few years, the height growth 
of the seedlings matched that of the chestnut coppice shoots, 
but then the poplars were shaded out by the chestnut canopy. 
All 2-4-m-tall poplars died. Death occurred after an abrupt 
growth decrease, lasting between 1 and 3 years (arrow), 

a reduction in pore size, and reduced lignification and thicken- 
ing of ground tissue cells. The moment of death can only be 
dated if growth ceased abruptly. If the dying process has taken 
several years, death is more difficult to date because several 
latewood zones follow one another without intermediate con- 
tinuous earlywood pore rings 


< Fig. 5.51. Live alpine rose dwarf shrubs in a beech coppice. 
Rust-red alpine rose, Rhododendron ferrugineum. Onsernone 
valley, Ticino, Switzerland (150:1). For the first 20 years after 
the beeches had been felled, this shade-bearing dwarf shrub 
was densely leafed and formed growth rings of about 0.25-mm 
width. In the shoot shown, growth diminished abruptly 3 years 
before the sample was taken. By then, the plant had only a few 
leaves left and stood in the dense canopy shade of approxi- 
mately 10 m tall beech coppice shoots. Dating is difficult and 
only possible using microsections, because the growth-ring 
boundaries (arrows) are only indicated by a layer of tangentially 
flattened cells in the latewood 


> Fig. 5.52. Dead 4-year-old coppice shoots in a sweet chest- 
nut coppice. Sweet chestnut, Castanea sativa. Vesime, Pied- 
mont, Italy (25:1). The stand formation started in the newly 
formed tree layer 5 years after the old stand had been felled. 
The specimen shown here was restricted in its height growth 
and ended up in the shaded area below the closed canopy. 
After a 1-year dying phase, characterized by abruptly decreas- 
ing growth, most of the 3-4-m-tall individuals died at the 
beginning of the following growing season. The plant shown 
survived 1 year longer than the others but only produced 


a discontinuous ring before death (arrow) 


116 Modification of the Tree-Ring Structure Due to Extreme Site Conditions 


< Fig. 5.53. Dead, 40-year-old coppice shoots in a beech 
coppice wood. Common beech, Fagus sylvatica. Mt. Bondone, 
Trentino, Italy (45:1). The 4-m-tall tree shown here survived 
the stand formation for 40 years, mainly because the nutri- 
ent supply was at least partially secured by root anastomosis 
with strong neighboring trees. The dying phase started with 
an abrupt decrease in growth. The duration of this phase and 
the time of death cannot be determined to the year (see also 
Chap. 9) 
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A Fig. 5.54. Dead shrubs on the scrubby edge of a woodland. Rossberg, Schwyz, Switzerland. The dense crowns of fast-growing 
sycamores have cast deep shade on a previously open woodland edge. Sections cut at ground level. a Alpine honeysuckle, Lonicera 
alpigena (25:1). b Wayfaring tree, Viburnum lantana (120:1). After an alpine pasture on deep brown earth had been abandoned, fast- 
growing sycamore (Acer pseudoplatanus) outgrew the field layer and formed a dense canopy. The light-demanding species reacted to 
the dense shade with an abrupt growth reduction. In the light-demanding alpine honeysuckle, the dying phase took almost 10 years 
(a), and in the shade-tolerant wayfaring tree less than 5 years (b). In the stress phase, the semi-ring-porous alpine honeysuckle 
formed almost exclusively earlywood pores of normal size, whereas for the diffuse-porous wayfaring tree, the pore-ground tissue 
cell relationship hardly changed. The alpine honeysuckle’s death cannot be dated because of discontinuous tree rings (a), whereas 
the samples of the wayfaring tree examined did not contain any wedging rings (b). The specimen shown here died during the sum- 
mer, just before the latewood formation had started 
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A Fig. 5.55. Abandoned vineyard invaded by Spanish broom, Spartium junceum). a Manna ash, Fraxinus ornus, whose crown 
stands 1-2 m above the 3-m-tall Spartium junceum. Vesime, Piedmont, Italy (30:1). b As a but only 30-cm tall. Stunted, poorly leafed 
individuals amongst up to 8-cm-thick Spanish broom stems (30:1). The Spanish broom crowns which that filter the light inhibit the 
growth and modify the structure of smaller woody plants. The dominant ash trees (a) have tree-ring widths from 0.6-3 mm; the 
suppressed ones have ring widths of less than 0.25 mm (b). On the basis of its bud-scale scars, the plant in b is 11 years old, but it has 
only eight tree rings, i.e., for 3 years there was no radial growth. The pores of the suppressed individual (b) are noticeably smaller in 


comparison with those of the dominant trees 


5.5 
Modifications Due to Permanently 
Unfavorable Environmental Conditions 


This section deals with the ring growth of trees and 
dwarf shrubs at their limit of distribution caused by 
temperature or water supply. The limits of survival of 
every species or individual are determined by short- 
term, extreme events and long-term, unfavorable eco- 
logical conditions. Here, I concentrate on plants which 
have survived short-term extreme events on perma- 
nently unfavorable sites. 

From a dendrochronological point of view, the 
term “unfavorable” is often defined as long life with 
low growth rates. This applies, for example, to trees 
and shrubs on cold or dry, regional sites and local tree 


sites and timberlines, as well as on exposed, shallow 
and nutrient-deficient sites (Figs. 5.57-5.60). In arid 
regions, on the other hand, shrubs are short-lived. 

Ecologically determined longevity is, however, 
also found in shrubs, dwarf shrubs and perennial 
herbaceous plants whose limit of distribution is de- 
termined by competition (see also Sect. 5.4). In most 
cases, it is, however, not clear where exactly these 
limits are. 

Missing and wedging tree rings, as well as individ- 
ual reactions to leaning positions, render dendrochro- 
nological cross-dating more difficult. However, age 
determination is fairly accurate, as long as ring count- 
ing is made in the vicinity of the germination stem. 

A few examples illustrate old and slow-growing 
plants at the physiological limit of their distribution. 
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A Fig. 5.56. Growth release in stems after an improvement of the light conditions in the canopy owing to stand openings. a Pinus 
flexilis. Boulder, Colorado, USA (40:1). Neighboring trees were killed by spruce bud worm. b Morus nigra. Botanical Garden Basle, 
Switzerland (10:1). Neighboring tree had been felled. c Rhododendron ferrugineum, rust-red alpine rose. Alpe Cardada, Ticino, 
Switzerland (40:1). Neighboring big beeches had been felled. The tree-ring widths of once densely shaded, old individuals abruptly 


widened after the neighboring trees had died or been felled 


5.5.1 
Dwarf Conifers from Permafrost Sites 


Within the subalpine and boreal conifer belt, dwarf, 
very old trees can be found in particular in shaded ar- 
eas on rocky screes. In continental climates, growth is 
mainly inhibited by surface permafrost which hardly 
melts in the summer, whereas in oceanic climates, cold 
airflow affects growth. Figure 5.57 shows tree-ring se- 
ries of dwarf common junipers on permafrost at the 
upper timberline in an extreme continental climate 
in central, inland East Siberia. Great age (about 350 
years old) and a low annual growth rate of generally 
less than 0.1 mm are characteristic of 60-100-cm-tall 
saplings. In all individuals, in young and old phases, 
0.4-mm-wide tree rings with compression wood may 
be found next to rings consisting of only two rows of 
cells (about 0.02 mm). Continuous permafrost gen- 


erally inhibits growth, whereas annually variable en- 
vironmental conditions, such as the period of snow 
cover and summer temperatures, determine the an- 
nual growth rate and cell wall growth. 


5.5.2 
Dwarf Conifers in Rock Crevices 


Rock crevices are the preferred seedbeds of woodland 
trees. Their growth pattern and length of life depend 
on many random factors. The size of the crevice de- 
termines the age the tree will reach. As soon as the 
root space and its hydrological capacity are no longer 
in a balanced relationship to the transpiring crown, 
the growth rate diminishes (Fig. 5.58), and the plant 
dies. If the plant manages to put its roots down into 
deeper soil pockets nearby, then a large tree can pro- 


119 


5.5 Modifications Due to Permanently Unfavorable Environmental Conditions 


the most 


> 


upright juniper, 


3) 


tall 


Juniperus communis, between boulders on a local timberline 
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recent one is from 1995. Every 50 years is marked by arrows. c 
Excerpt from a and b (1875-1881, 300:1). In the last 50 years, 
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at the bottom of a slope. Near Omtsutchan (Magadan region, 
the juniper’s average tree-ring width was only 0.05 mm. The 
very narrow latewood zones are typical of this genus. In sum- 
mers unfavorable to growth, the boundaries are discontinuous 


< Fig. 5.57. Dwarf conifers on permafrost at the northern 
15:1). The oldest existing tree ring is from 1648 


timberline in East Siberia. a, b A 1 
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duce sufficient growth even in a small crevice. High 
precipitation rates, or a water supply from surround- 
ing rocks, allow the plant to survive for several years 
(Fig. 5.58). 

Baas et al. (1984) found the same characteristics in 
plants grown in rock crevices or as bonsai; they also 
mentioned a shorter tracheid length in Larix principes- 
ruprechtii. 


5.5.3 
Dwarf Conifers on Raised Bogs and Fens 


Trees can germinate on humid, though not water- 
logged moorland in wooded areas (Schmid et al. 1995). 
Owing to the high water level, which is connected to 
physiological shallowness and nutrient deficiency, the 
possibilities of survival are, however, low. If waterlog- 
ging continues for too long, or the fen surface dries 
out for too long a time during the summer, the seed- 
lings will die. Mountain pine (Pinus mugo ssp. rotun- 
data) and Norway spruce (Picea abies), which are well- 
adapted to nutrient-deficient soils (Kisser and Sesser 


1931), are able to survive for decades with minimal 
height and radial growth (Fig. 5.59, 5.60). The tree 
rings contain a large proportion of latewood and com- 
pression wood, as well as periodically eccentric radial 
growth, which is a reaction to snow loads and unstable 
ground. 


5.5.4 
Dwarf Shrubs at the Limit of Their Distribution 
in the Alpine Belt 


After Schlagintweit and Schlaginweit (1850), Kanngi- 
esser and Graf zu Leiningen (1910), Kihlmann (1890), 
Rosenthal (1904) and Schr6ter (1926) had determined 
that dwarf shrubs may become very old, i.e., up to 
100 years, and that they have a low annual growth 
rate, interest in dwarf shrub dendrochronology 
ceased. Much later, Greguss (1955) and Schweingru- 
ber (1990) photographed stem cross sections of alpine 
dwarf shrubs and documented that species determi- 
nation and growth-ring counts are possible. Eventu- 
ally, Woodcock and Bradley (1994) found that even 


A Fig. 5.58. Dwarf, 20-cm-tall black spruce, Picea mariana, 
in a rock crevice on Lake Abitibi, Quebec, Canada (southern 


boreal zone). The slow growth (in the longer radius, 0.07 mm), 
the eccentricity and the compression wood zones are due to a 
reduced root space and strong winds. Despite all limitations, 
high summer precipitation permitted a balanced growth rate 
(40:1) (Courtesy of B. Denneler) 


A Fig. 5.59. Dwarf mountain pine, Pinus uncinata var. rotun- 
data, on the raised bog Steerenmoos in the Black Forest, Ger- 
many (25:1). A high groundwater level and lack of nutrients 
favor the growth of peat mosses. In this way, the little pine stems 
are in a continuously cool environment. As a result, growth is 
low, and the area of the germination stem finishes below ground. 
The only 15-20-cm-tall “seedlings” with stem diameters of 
3-4 mm are 22 years old. They have an average radial growth 
rate of about 0.06 mm/year. A high proportion of latewood is 
characteristic of phases when there are no extremely narrow 
growth rings. (Material courtesy of J. Schmid) 
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A Fig. 5.60. Dwarf mountain pine, Pinus uncinata var. rotundata, on unstable ground in raised bogs of the Black Forest, Germany 
(40:1). The annually very variable growth rates (arrows) within the stem, as well as the periodical formation of compression wood, 
are due to an unstable, wet ground and the heavy weight of snow in the winter. (Material courtesy of J. Schmid) 


creeping dwarf willows could be cross-dated. Their 
study clearly illustrated the problems arising from 
large numbers of missing or wedging growth rings. 
According to Rosenthal (1904), the low growth rate 
is congenital, as even under optimal growing condi- 
tions (Botanical Gardens Munich and Dahlem, near 
Berlin) maximum annual growth is only 0.83 mm. On 
the basis of my own observations, longevity is also ge- 
netically determined. Salix retusa (Fig. 5.61) can live 
longer than Daphne striata (Fig. 5.62). 

Dendrochronological analysis has great scientific 
potential, especially in studies of vegetation dynamics. 
An example is the age determination of dwarf shrubs, 
carried out on the collar root, where age is an indica- 
tor of climatically induced changes in the species dis- 
tribution limit and of soil movement. (Schweingruber 
and Poschlod 2005) 

In the following, it will be shown that not only trees 
but all woody plants reduce their growth with increas- 
ing stress, and subsequently reach a greater age. The 
few examples shown cover the area above the timber- 
line which is colonized by dwarf shrubs: 

e Wind-exposed ridges without snow (Fig. 5.63) 
e Sunny slopes where the snow melts early 

(Fig. 5.64) 
¢ Sites with heavy snow (Fig. 5.63) 
¢ Hollows saturated with water from melted snow 

(Fig. 5.62) 


Numerous physiological and morphological ad- 
aptations compensate unfavorable site conditions 
(K6rner 1999), after Christ (1879), Schréter (1926) 
and Beschel and Webb (1963). Advanced plant age 


(Figs. 5.61-5.64) can be interpreted as an adaptation 
to adverse environmental conditions. As fungus-re- 
lated decaying processes take a long time, the little 
stems survive for decades, even in species that have 
few mechanisms of compartmentalization (Salix sp.). 
All dwarf shrubs have a low annual radial growth rate 
in common, though this varies from species to species. 
For Salix retusa, the maximum growth-ring width is 
0.7 mm, for Loiseleuria procumbens it is only 0.12 mm 
(see also Figs. 5.61-5.64). The absence, or rare occur- 
rence, of frost rings indicates physiological adapta- 
tions to seasonal and daily temperature differences. 


5.5.4.1 
Dwarf Shrubs on a South-Facing Slope Above 
the Timberline 


Early snowmelt, a long vegetation period of about 

5 months, high insolation connected with high tran- 

spiration and large daytime/nighttime temperature 

differences are characteristic of the site. The three spe- 

cies described below have different survival strategies: 

1. Winter heather, Erica carnea (Ericaceae). Fifteen- 
centimeter-tall plants without stolons, but with 
strong, upright, fluted little stems (Fig. 5.64). This 
species can reach over 80 years of age. 

2. Heart-shaped globularia, Globularia cordifolia 
(Globulariaceae). Prostrate plant, with up to 20- 
cm-long stolons (Fig. 5.64b). The little stems of the 
creeping shoots are always eccentric, and often only 
alive on the underside (strip bark). This species can 
reach up to 60 years of age. 
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< Fig. 5.61. Dwarf shrubs on 
a rock 2,400 m above sea level 
on the Julier Pass, Switzer- 
land. a Salix retusa (25:1) 

85 rings, average ring width 
0.12 mm. b Daphne striata 
(35:1), 16 rings, average ring 
width 0.1 mm 


A Fig. 5.62. Dwarf shrubs 
in wet soils of alpine snow 
pockets. Davos, Switzerland, 
2,500 m above sea level 
(32:1). Underground, hori- 
zontal root. Salix herbacea, 
31 rings, average ring width 
0.1 mm 
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A Fig. 5.63. Alpine dwarf 


shrub on very wind exposed 


sites. Davos, Switzerland 
2,400 m above sea level. 
Loiseleuria procumbens, 62 
rings, average ring width 
0.06 mm (from Schweingru- 
ber and Poschlod 2005) 
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A Fig. 5.64. Dwarf shrubs at their upper limit of distribution on a south-facing slope, at 2,350 m above sea level in the Swiss 
National Park, in grassland on limestone debris (30:1). a Erica carnea, 82 rings, average ring width 0.05 mm. b Globularia cordifolia, 
60 rings, average ring width 0.075 mm. c Helianthemum nummularium about 55 rings, average ring width 0.05 mm 


3. Common rockrose, Helianthemum nummularium 
(Cistaceae). Plant with a strong taproot and 
many thin sprouts which creep along the ground 
(Fig. 5.64c). This species can reach up to 60 years of 
age. 


5.5.4.2 
Trailing Azalea on Wind-Exposed Ridges 
in the Alpine Belt 


In wind-exposed positions above the timberline, Lo- 
iseleuria procumbens forms small, pure stands. This 
extremely frost-resistant species which, according to 


Larcher (1957) supports temperatures of -40°C, has 
leaf structures which inhibit transpiration, and colo- 
nizes the almost-snow-free, windy ridges above the 
alpine timberline up to 2,500 m above sea level. Loise- 
leuria forms a dense trellis just above the ground. Over 
the years, and owing to the plant’s own litter produc- 
tion, the shoots get into the raw humus horizon. The 
great age (over 100 years) and the extremely narrow 
ring widths (0.04-0.08 mm/year) are indicators of un- 
favorable germination and site conditions (Fig. 5.63). 
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5.5.4.3 
Plants Colonizing Rocky Outcrops in Snow- 
Covered, Exposed Locations 


Here, I should like to mention a prostrate willow, Sa- 

lix retusa (Fig. 5.61a), and Daphne striata (Fig. 5.61b). 

Both grow on a big rock, 300 m above the timberline, 

at 2,400 m above sea level, on the Julier Pass, Switzer- 

land. The two species have developed different sur- 
vival strategies: 

1. The willow grows trellislike on a thin humus layer, 
on top of the rock which is often free of snow in 
the winter. It forms a dense mat of up to 100-year- 
old shoots. The little stems, as big as a thumb, are 
very eccentric and often grow only at the protected 
side (strip bark) (Fig. 5.61a). Where the shoots are 
not insulated by organic soil, the cambium is dam- 
aged by late frosts, and frost rings are formed. The 
slow growth rate and the relatively old age of these 
plants are mainly due to lack of water (shallow soil 
and temporarily high transpiration) and a short 
vegetation period. The ages indicated by Schlagint- 
weit and Schlagintweit (1850), Rosenthal (1904) 
and Schréter (1926) for Salix retusa and Salix ser- 
pyllifolia range from 30 to 105 years. 

2. The daphne grows tuftlike in a crevice of the rock. 
Only 10 cm of the about 20-cm-long, basal, chlo- 
rotic shoots reach into the open. The little, up to 4- 
mm_-thick stems are covered by bark and are very 
flexible. The little recess in the crevice, filled with 
humus, provides the plant with optimal humid 
conditions. In contrast to the willow, the daphne’s 
growth-ring series shows no symptoms of stress: 
growth is balanced, and there are no frost rings 
(Fig. 5.61b). 


The average radial growth rate of the two species 
is low, reaching a maximum of 0.25 and 0.17 mm, re- 
spectively. The growth rings are up to 0.7- and 0.28- 
mm wide. The variability (relationship between the 
narrowest and the widest ring) is very large for Salix 
retusa (1:175) and large for Daphne striata (1:50). 


5.5.4.4 
Dwarf Willows in Alpine Snow Pockets 


Dwarf willows have a large ecological spectrum; how- 
ever, they form pure stands only in snow pockets, i-e., 
in hollows above the timberline where the water from 
melted snow collects. This minima inter omnes arbores, 
according to Linne the smallest tree on earth, forms 
dense, underground, easily breakable mats of sprouts 


and roots. During its very short vegetation period - 
on average 3 months, but in extreme cases only 
1 month - the thin, upright 3-5-cm-long shoots 
pass through the complete annual cycle. Despite the 
low soil temperature, the average radial growth rate 
is comparable with that of other dwarf shrubs in the 
alpine belt (Fig. 5.62). Thick roots especially are often 
distinctly semi-ring-porous. This is probably con- 
nected with the high water consumption during leaf 
production, the leaves being rather large in relation to 
the shoot. 


5.5.5 
Young Conifers at a Rising Upper Timberline 


During the Holocene, variable temperatures caused 
altitudinal changes of a few hundred meters in the al- 
pine timberline (K6rner 1998) and in most other re- 
gions of the earth (Shiyatov 1992). Owing to the tem- 
perature increase during the last century, in theory, a 
rise in upper timberline levels should be expected. 

In contrast to general assumptions, during favor- 
able temperature conditions the woodland does not 
colonize the subalpine grassland without limitation. 
Microscopic photographs of young trees from an 
alpine pasture (Fig. 5.65b), and from the Putorana 
Mountains in Siberia, which are not influenced by 
man (Fig. 5.65a), show that successful germination is 
followed by a difficult growth period. During the early 
phase of their lives (10-35 years), Dahurian larches in 
the Putorana Mountains, as well as European larches 
and Cembran pines in the Alps, have extremely nar- 
row tree rings. This is probably due to aboveground 
and underground competition with plants in the sub- 
alpine herbaceous ground layer. In both mountain 
ranges, as well as in the southern Urals, after the sup- 
pression phase, a more or less distinct, abrupt growth 
increase followed. 


5.5.6 
Shrubs and Dwarf Shrubs on Shallow Soils 
in Arid Deserts 


Survival in arid regions demands extremely diversi- 
fied physiological and morphological adaptations 
(Fahn and Cutler 1992). Many species are annuals and 
are able to survive the dry period as seed; in peren- 
nial plants, a wide range of characteristics exists which 
makes survival possible during droughts lasting sev- 
eral months. The stem’s xylem does, however, contain 
only few anatomic characteristics which indicate arid 
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A Fig. 5.65. Young trees in subalpine grassland above the actual timberline. a Dahurian larch, Larix dahurica. Putorana Moun- 
tains, Siberia, 600 m above sea level (10.5:1). After a 20-year-period of difficult conditions, in 1971 growth improved abruptly. By 
1992, the saplings were about 80 cm taller than the surrounding grass. b Cembran pine, Pinus cembra. Pontresina, Alps, 2,300 m 


above sea level (10.5:1). After a 25-year-period of difficult growing conditions, between 1985 and 1988 growth improved abruptly. 


By 1996, the saplings were about 60 cm taller than the surrounding grass. (a Material courtesy of Abraimov; b material courtesy of 


A. Miiterthies) 


conditions, because the xylem is only active during 
the wet period. 

According to Fahn et al. (1986), in the Negev Desert, 
shrubs and dwarf shrubs typically have many short ves- 
sels of small diameter (smaller than 50 um). Neumann 
et al. (2001) found similar tendencies in the Sahara. 
Both pore density and size have a much wider range 
in these regions (Fig. 5.66). The range of anatomical 
shapes of Saharan woody plants hardly differs from that 
in the Mediterranean (Schweingruber 1990). In the Ne- 
gev Desert and in the Sahara, there are only species with 
simple perforations. The anatomy would seen to be an 
expression of the low sap flow (Fahn et al. 1986). 


Perennial plants whose phloem is included in 
the xylem are common, particularly on saline sites 
(Fig. 5.66c, d). 

In most species, accurate age determination or 
even cross-dating is probably impossible, since phases 
of cambial activity or dormancy are determined by the 
frequency of precipitation (Fahn 1990). In these des- 
erts, anatomical limits within plants are not tree rings 
but growth zones which do not reflect time. The peri- 
odical growth rate is surprisingly high, ranging from 
0.2 to 1 mm, thereby surpassing those of subalpine 
dwarf shrubs many times over. 
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A Fig. 5.66. Dwarf shrubs from dry sites in arid climates (35:1). a, b Species with a peripheral cambium. Sahara. a Diplotaxis 
harra, Brassicaceae. Regular tangential arrangement of radial pore rows. Pore size 40-60 tum. No growth rings. b Randonia africana, 
Resedaceae. Diffuse-porous, pore/parenchyma groups, pore size less than 50 tum. With growth zones. c, d Species with successive 
cambia and included phloem. Oman, Dhofar. c Aerva javanica, Amaranthaceae. Tangential arrangement of phloem bands, pore 
size 40-70 um. d Salvadora persica, Salvadoraceae. Few phloem/parenchyma groups, pore size 80-100 tm. The growth zones are 
indicated by tangential parenchyma bands. (From Neumann et al. 2001) 


CHAPTER 6 


6 Modification of the Tree-Ring Structure 
Caused by Compression and Tension 


6.1 
Optimization of Vital Functions During 
Extreme Mechanical Stress 


Plants possess mechanisms capable of compensat- 
ing extreme conditions of stress. This chapter applies 
to mechanical stress. The formation of optimal wood 
structures in any part of the tree ensures mechanical 
stability, the current nutrient supply and the sustain- 
ability of resources (reserves). Cell production, tissue 
differentiation, cell wall elongation and thickening that 
vary in time, different fiber direction and the forma- 
tion of particular cell wall structures (reaction wood) 
are all indicative for the mechanical-physiological 
optimization of the xylem. In this context Mattheck 
and Kubler (1995) referred to “mechanical self-opti- 
mization.” The entire shape of the tree, be it “normal” 
or “stunted? adapts to the actual mechanical stress 
situation and to the resources available. According to 
Mattheck and Kubler (1995), in an ideal situation, the 
forces are equally high in every part of the tree. Any 
change in this constant tension, perhaps caused by in- 
juries or changes in equilibrium, stimulates hormone- 
dependent physiological processes that restore optimal 
conditions again. In this process, every meristematic, 
maturing cell reacts separately. The modifying mecha- 
nisms are most pronounced in the tree parts that are 
predominantly affected (by mechanical or water stress). 
Hence, open wounds cause compartmentalization, in- 
creased cell formation and cell wall thickening, as well 
as a change in fiber direction; whereas changes in the 
equilibrium give rise to reaction wood formation and 
a change in ray shape. According to Mattheck and 
Kubler (1995), the axial fiber direction always follows 
the actual flow of force; thus, a tree’s stress history may 
be reconstructed from its rings. The principle of me- 
chanical and physiological optimization occurs in all 
taxonomical and morphological units: from ferns to 
conifers, monocotyledons and dicotyledons, from ves- 
sel-free to diffuse-porous and ring-porous individuals, 
and in wooded plants with low or high wood density. 
Conifers react to intensive stress by forming “com- 
pression wood,’ whereas some deciduous species form 
“tension wood” (Figs. 6.1, 6.2). According to Héster 


and Liese (1966), tension wood is absent, for example, 
in the Cycadales (Fisher and Marter 2006) of Ranun- 
culales, Rosales, Ericales, Oleaceae (except Syringa) 
and Caprifoliaceae. Tension wood is not restricted to 
stem wood. We found distinct gelatinous fibers in an- 
nual Euphorbiaceae herbs, for example, Euphorbia he- 
lioscopia, and Tomlinson (2001) describes gelatinous 
fibers in bark of Gnetum gnemon. 

From the range of mechanical self-optimization, 
dendrogeomorphologists have used in particular ec- 
centricity and reaction wood as indicators of environ- 
mental conditions. Any datable change in the growth of 
leaning trees indicates a particular type and intensity of 
event. Dendroclimatologists consider extreme growth 
changes and reaction wood as local interferences that 
cover the regional climatic signal. For this reason, a 
geomorphologist will core a stem along the radii of the 
greatest and the least tension, whereas a climatologist 
avoids trees subject to extreme mechanical stress or 
will compromise by coring the stem halfway between 
the areas of greatest and least tension (Garnter 2006). 


6.2 
Characteristics of Reaction Wood 


Hardly any other wood characteristic in research has 
had as much attention as compression wood. Timell 
(1986) summarized what was then known about the 
topic in three volumes, covering 2,150 pages. Unless 
otherwise stated, the following short text was taken 
from his work. Tension wood has been studied to a 
much lesser extent, and there is no comparable sum- 
marizing study. 

During the history of evolution, land plants de- 
veloped three different kinds of reaction in order to 
counteract stress conditions: the optimization of 
normal wood formation processes, variable cell wall 
thickening and the formation of xylem in parts sub- 
ject to compression or tension, and the formation of 
compression or tension wood along stem, branches or 
roots (Figs. 6.1, 6.2). 

Compression wood was possibly formed for the 
first time in the Devonian, with the development 


128 Modification of the Tree-Ring Structure Caused by Compression and Tension 
mechanical mechanical 

stress compression stress tension wood 

aie > Py) F woad Yee (CCC 

opposite opposite 

wood wood 


A Fig. 6.1. Eccentrically grown gymnosperm stems form com- 
pression wood; some ecentrically grown deciduous stems form 
tension wood 


of the “wood-bark-stem” in gymnosperms. Ten- 
sion wood probably came about with the creation of 
angiosperms during the Cretaceous. According to 
Timell (1986), there is a large amount of literature on 
the causes of reaction wood formation. Nowadays, it 
is generally accepted that reaction wood is not con- 
nected with compression or tension stress in lignified 
shoots (Hartmann 1932). With few exceptions (i.e., at- 
tacks by aphids), eccentricity as well as reaction wood 
are, however, related to mechanical stress. 

In Timell’s summary, compression stress mobilizes 
growth hormones (auxin excess), which in turn create 
specific forms of cells and cell walls. Tension wood ap- 
pears to be caused by a shortage of growth hormones. 
According to Timell (1986), the physiology of reaction 
wood formation is still not completely understood. 
Generally, compression wood is formed on the side 
exposed to mechanical stress, whereas tension wood 
forms on the side that is “pulled.” This was shown by 
Wardrop’s (1965) trials (Fig. 6.2). Conifers and decid- 
uous trees (Populus) that were suddenly brought into a 
leaning position confirmed the study (Fig. 6.3). 


6.2.1 
Compression Wood in Gymnosperms 


Typical compression wood cells - which are always 
tracheids, never parenchyma cells - have thick cell 
walls (Fig. 6.4), with spiral-shaped secondary wall 
macrofibrils, a change in the angle of the spirals 
(Fig. 6.5) and stunted cell ends (Fig. 6.6). The cells 
are round in cross section and divided by intercel- 
lular spaces (Figs. 6.4, 6.5c); however, cell shape and 
the extent of lignification are very variable. Species 
with spiral thickening, for example Taxus, react to 


A Fig. 6.2. Reaction wood in conifer (G) and deciduous tree 


(A) branches that were artificially bent upwards or downwards. 
In conifers, the reaction wood, shown as a semicircle, is found 
on the compressed side and in deciduous trees on the side af- 
fected by tension (Wardrop 1965) 


compression stress with a changed angle of the spiral. 
According to Yoshizawa et al. (1992), in unstressed 
wood, the angle of the spiral is about 10-20°; after a 
stress event this may reach about 45°. Coté and Day 
(1965) summarized the characteristics of tension and 
compression wood (Table 6.1). 

In trials, Kennedy and Farrar (1965) determined 
that gravitopisme is the main cause of compression 
wood. They repeatedly bent over fast-growing (about 
one radial cell row per day) Pinus banksiana seedlings. 
After just 2 days in a leaning position, compression 
wood formed on the compressed side; however, this 
result only applies to fast-growing stems - perhaps 
only to the seedlings analyzed . Short-term changes 
in the tree’s position are particularly visible in the 
fast-growing earlywood, and much less so in the slow- 
growing latewood. During dormancy, there is no re- 
action. A lot of reaction in the earlywood indicates 
permanent changes in the tree’s position during dor- 
mancy (Fig. 6.7). 

According to Kennedy and Farrar (1965), Larson 
(1969) and Lev-Yadun and Aloni (1991a), after mod- 
erate compression, optimization at first causes the 
formation of thickened secondary walls with a very 
variable degree of lignification, and sometimes creates 
larger or smaller cells. Only after more intense com- 
pression, real compression wood is formed (Fig. 6.5c). 
Timell (1986) found that in rare cases pressure from 
the bark or hormonal changes caused by aphids might 
give rise to the formation of compression wood. 

In gymnosperms and angiosperms, there is no strict 
taxonomical boundary between tension and compres- 
sion wood. Héster and Liese (1966), as well as Yo- 
zhizawa et al. (1993) found compression wood cells in 
Buxus. Compression wood cells on the stressed side of 
a leaning Eucalyptus stem are shown in Fig. 6.8 (Myrta- 
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A Fig. 6.3. Reaction of a gymnosperm (a, b Norway spruce, Picea abies) and an angiosperm (c, d Sweet chestnut, Castanea sativa), 
which took on an extreme leaning position at the same time, and as a result were subjected to extreme, sudden stress on one side. 
Trees on a slope in Vesime, Piedmont, Italy, which after a landslide grew in a horizontal position (20:1). In both cases, cell formation 
is favored on one side (a, d) or hindered (b, c). Gymnosperms form compression wood on the compressed side (lower part of stem), 
whereas angiosperms produce tension wood on the side affected by tension (upper part of stem). In deciduous wood, the one-sided 
stress affects differentiation. This is seen in structural changes (c, d). The trees leaned over before the period of ring growth (October 
to April 1994). The deciduous tree produced tension wood right from the beginning of the earlywood; the conifer, during the year 
the event took place and the year after, produced about five cells without compression wood in its earlywood, before an intensive 
period of compression wood formation started which continued to the tree-ring boundary 


ceae). Very often, the fiber cell walls are just thicker on 
the tension side, as for example in Sorbus sp. 


layers are only found in wood fibers (libriform fibers, 
fiber tracheids), never in parenchyma cells (axial 
parenchyma and rays). In their vicinity, the size and 
number of the vessels are reduced. Experimental 
studies by Sachsse (1965) showed a direct relation- 
ship between tension stress and tension wood. When 
poplars are forced to lean over artificially, they will 


6.2.2 
Tension Wood in Angiosperms 


Typical tension wood fibers are also called gelatinous 
fibers (Jutte 1956). There is a gelatinous, virtually 
unlignified layer within the secondary or tertiary wall 
of libriform fibers (Fig. 6.9). Gelatinous unlignified 


form tension wood on the side of the stem exposed 
to tension stress during the same year. Tension wood, 
but not compression wood, is also often found in roots 
(Timell 1986). 
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A Fig. 6.4. Cross section of compression wood with intercellu- 
lars in Juniperus virginiana. Characteristic are the intercellulars 
in the earlywood (Timell 1986) 


walls (Timell 1986) 


A Fig. 6.5. a Tangential longitudinal walls of compression 
wood in Pseudotsuga menziesii. The angle of slope of the spiral 
of macrofibers in the secondary wall is about 60° (Timell 1986). 
b Spiral thickening of the tertiary wall in yew, Taxus cuspidata, 
before (cell marked A) and after the stress load. The change in 
the angle of slope is an indication of stress. ¢ Cross section of 
compression wood in Pinus radiata (approximately 1000:1). The 
spirally oriented microfibrils of the secondary wall and the tri- 
angular intercellulars between the rounded tracheids are visible. 
(b From Yoshizawa et al. 1992. c From IAWA Journal 1999, front 
page. Photo L.A. Donaldson, Rotorua, New Zealand. Safranin 
fluorescence and confocal laser microscopy) 


< Fig. 6.6. Blunt tips of compression wood tracheids in conifers (Abies balsamea). 
The small arrows indicate bordered pits, the large arrows mark deformed primary 
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Table 6.1. Characteristics of reaction wood (Coté and Day 1965) 


Tension wood 


Compression wood 


Eccentric stem cross section; generally, the longer radius is 
found on the side subject to tension 


Is present in roots 
Shiny on radial faces, dark zones on transversal surfaces 
Longitudinal shrinking up to 1% 


Very high resistance to tension in dry conditions, and very low 
resistance in wet conditions 


Gelatinous fibers 


Microfibrils parallel to the fiber axis 
Little or no lignification 


Extremely high cellulose content 


Eccentric stem cross section; the longer radius is always found 
on the compressed side 


Is absent in roots 
Brown on radial surfaces and on transversal surfaces 
Longitudinal shrinking 6-7% 


In comparison with the high density, there is little flexibility 
and resistance to tension 


Round, thick-walled tracheids with intercellular spiral fissures 
in the secondary wall 


Microfibrils lean up to 45° towards the fiber axis 
Increased lignification between primary and secondary walls 


Low cellulose content 


A Fig. 6.7. Cross section of the hypocotyl of a fast-growing 
(about three cells per day) Pinus banksiana seedling where the 


hypocotyl moves in a 3-day-rhythm (leaning to the left, growing 
upright, leaning to the right). The number of cells with thick- 
ened walls corresponds to the number of positional changes. 
(From Kennedy and Farrar 1965) 


A Fig. 6.8. “Pseudo compression wood cells” in Eucalyptus sp. 
on the tension wood side of a stem lying in a river bed south of 
Darwin, Australia (1000:1). a Libriform fibers with very thick 
walls, a round shape and radial fissures. According to Coté and 
Day (1965), the virtual lack of intercellulars is contrary to the 
usual definition of a compression wood cell. b Longitudinal cut 
along libriform fibers with spiraling microfibrils 
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A Fig. 6.9. Tension wood fibers (libriform fibers) in decidu- 
ous wood (400:1). Thick, gelatinous layer in gray alder, Alnus 
incana, with the characteristic irregular shape of the cell lumen 


6.2.3 
The Dendrochronological Information Obtained 
in Reaction Wood 


Trials and observations have shown that almost im- 
mediately after a stems is leaned plants react with 
signs of compression or tension, and they also indi- 
cate the main direction of the prevailing mechanical 
stress (push or pull). Figs. 6.10-6.19 illustrate how the 
location and the shape of the reaction wood indicate 
ecological conditions. 

Families or genera form specific tension wood. Taxa 
have their own genetically determined “tension wood 
identity” (Fig. 6.10). 

The position of the reaction wood within a tree ring 
or the stem indicates when and for how long an event 
took place. Examples include: 

e The formation of reaction wood at the beginning of 

the earlywood (Fig. 6.11) 

e Reaction wood during earlywood formation 

(Fig. 6.12) 

e Reduced reaction wood in the latewood (Fig. 6.13) 
¢ Several phases of reaction wood within a single tree 

ring (Fig. 6.14) 

e Reaction wood phases lasting 1 year (Fig. 6.15); re- 

action wood phases lasting several years (Fig. 6.16) 
e Discontinuous reaction wood phases (Fig. 6.17) 

The shape of the reaction wood cells indicates the 
intensity of the event (Fig. 6.18), whereas its location 


within the stem cross section shows the direction the 
operating force came from (Fig. 6.19). 


6.3 
Eccentric and Irregularly Shaped Stems 
Without Reaction Wood 


Eccentric, radial growth is not necessarily an indica- 
tion for reaction wood. Often, eccentric stem shape 
or irregular (buttressed) stem bases contain neither 
tension wood nor compression wood. Eccentrically 
grown conifer roots have no compression wood at all. 
It is assumed that eccentric growth not due to reaction 
wood is caused by slight mechanical stress, short-term 
leaning of the stem or even localized problems of nu- 
trition (Timell 1986). Abrupt, asymmetrical growth 
changes in particular provide excellent information 
regarding positional changes of the tree, and when 
these occurred. In many cases, these are caused by 
changing physical environmental conditions, such as 
frost, storm and soil movement, but also by biological 
changes which include competition between stems or 
localized nutrient deficiency. An irregular stem base, 
caused by changing stress conditions, is probably the 
most well-known indicator. 

Radial growth in stem bases and roots is strongly 
affected by mechanical stress; hence, the stress his- 
tory of individuals may be reconstructed on an an- 
nual or seasonal basis. The best examples are the but- 
tress roots of large, tropical trees (Johnson 1972; Ter 
Steege 1997) and the expanding stem bases of central 
European trees, for example, Itaian poplars (Senn 
1923/1924). 

Senn (1923/1924) found that in Italian poplars 
in Switzerland 92% of the buttress roots formed on 
the wind-exposed side, ie., the tension wood side. 
Here, buttress roots are a response to mechanical 
stress. 

In the tropical angiosperm Caryocar nuciferum, the 
anatomical structure of the buttress roots differs from 
that of the stem owing to the presence of thick-walled 
fibers (Ter Steege et al. 1997). 

The impressive form of the stem base in large trees 
(Fig. 6.20) exists on a smaller scale also in shrubs and 
dwarf shrubs (Fig. 6.21). 

In Figs. 6.19-6.21, growth irregularities were 
caused by: 

e An increased sap flow in roots and branches 

(Fig. 6.20a) 
¢ Increased weight on the stem when the tree crown 

grows bigger (Fig. 6.20b) 
¢ A leaning stem owing to creeping snow (Fig. 6.19) 
¢ Trampling by cattle (Fig. 6.21) 
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< Fig. 6.10. Genetic identity influences 
the formation of tension wood. a Pedun- 
culate oak, Quercus robur (20:1). Stained 
by astra blue and safranin. Suppressed 
specimen, Birmensdorf, Switzerland. 
Tension wood formed almost exclu- 
sively in the latewood. b White willow, 
Salix alba (40:1). Stained by astra blue 
and safranin. Branch on a large tree in 

a floodplain woodland near Freiburg 

im Breisgau, Germany Tension wood 
occurs in both earlywood and latewood. 
(Courtesy of H. Beismann) 


< Fig. 6.11. The formation of reaction wood at the beginning 
of the growing season. The event cannot be dated precisely, but 
it occurred during dormancy, i.e., between October and April. 
a Dwarf juniper, Juniperus nana, at the upper timberline near 
Davos, Switzerland (400:1). During the winter, an avalanche 
pushed the branch onto the ground; the latewood still contains 
rectangular tracheids without intercellulars, whereas the early- 
wood consists of thick-walled, round tracheids. b Crack willow, 
Salix fragilis, base of a branch (250:1). chlorazol black coloring. 
During the winter, a positional change took place, which af- 
fected growth at the beginning of the growing season. In Salix, 
tension wood formation does not influence the formation of 
earlywood pores. (Courtesy of H. Beismann) 
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A Fig. 6.13. Reaction wood formation 


ceases in the latewood. Scots pine, Pinus 
sylvestris. Branch containing a procession 
moth’s nest, Hohtenn, Wallis, Switzerland 
(100:1). The pressure on the lower part of 
the branch is increased by the weight of 
procession moth’s nests. When the cater- 
pillar leaves its nest, the pressure dimin- 
ishes (arrows) and the compression wood 
formation decreases. 


<4 Fig. 6.12. Reaction wood formation 
during the earlywood phase. a Cembran 
pine, Pinus cembra. Upper timberline in 
the Engadine, Switzerland (35:1) (collec- 
tion O. Lenz). After the first earlywood 
tracheids, compression wood was 
suddenly formed. Because compression 
wood continued to form in the next tree 
ring, it can be assumed that the tree was 
leaning over. Considering the altitude, 
this event is likely to have occurred 
around the beginning of July. b Moun- 
tain elm, Ulmus scabra. Birmensdorf, 
Switzerland (20:1). Compression wood 
is formed suddenly, simultaneously with 
an “earlywood pore ring” at the end of 
the earlywood. When the young tree was 
decapitated during August 1992, it began 


to lean over 


A Fig. 6.14. In fast-growing shoots, multiple, intra-annual phases of compression 
wood occur, or tracheids with thickened cell walls are formed. During any kind of 
mechanical stress, there are always cells that are ready to differentiate. a Norway 
spruce, Picea abies. Pot-grown plants from a fumigation trial, Birmensdorf, Switzer- 
land. During the growing season, the 100-cm-tall plants were repeatedly transported 
from the fumigation chamber to a laboratory where their photosynthetic activity 
was monitored. These movements caused the formation of compression wood, where- 
as irregular watering gave rise to density fluctuations. b Crack willow, Salix fragi- 
lis, twig. Freiburg im Breisgau, Germany (40:1) . Short periods of stress give rise to 
repeated tension wood zones in various parts of the twig. (b Courtesy of H. Beis- 
mann) 
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A Fig. 6.15. Annual reaction wood 
phases. Cherry laurel, Prunus laurocera- 
sus. Lucerne, Switzerland (40:1). A short- 
term positional change of the plant dur- 
ing the winter gave rise to tension wood 
formation during the following year 


A Fig. 6.16. Continuous phases of reac- 
tion wood lasting several years. Doug- 
las fir, Pseudotsuga menziesii. British 
Columbia, Canada (12.5:1). Owing to a 
landslide, which probably happened af- 
ter the start of the growing season, a tree 
was left leaning over. On the side affected 
by compression, radial growth became 
rapid, and compression wood formed 
intensively in the latewood in the next 
years. (Preparation courtesy of L. Jozca) 


. 
p< 


%, a0.08* ore 


A Fig. 6.17. Discontinuous phases of 
reaction wood lasting one or more years. 
Downy oak, Quercus pubescens. Seedling 
in an dense fern stand on a slope where 
snow accumulates. Mt. Salmone, Ticino, 
Switzerland (25:1). Occasional creeping 
snow causes the plants to lean, which re- 
act by forming tension wood at the start 
of the growing season 
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<4 Fig. 6.18. Reaction wood based on stress intensity. Moun- 
tain pine, Pinus mugo ssp. rotundata. Pine in moorland (Black 
Forest, Germany) on unstable ground (25:1). The intensity 

of the compression wood formation varied from year to year. 
(Courtesy of J. Schmidt) 


< Fig. 6.19. Reaction wood zones in relation to stress inten- 
sity. Crack willow, Salix fragilis, twig. Freiburg im Breisgau, 
Germany (50:1). During the plant‘s 5 years of life, the stress 
conditions caused by tension changed at least four times 


(arrows). (Courtesy of H. Beismann) 
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< Fig. 6.20. Stems and stem bases with very irregular radial 


growth. a Growth occurs mainly along the huge buttress roots 
and/or the main branches. Banian trees, Ficus bengalesis. Cal- 
cutta, India. b Swamp cypress, Taxodium distichum. Mississippi 
Delta, USA. Section across the base of the stem with buttress 


roots. (a From von Marilaun 1913) 


Fig. 6.21. Eccentrically grown, several-year-old, small 
plants. Dwarf shrub, heather, Calluna vulgaris, growing as a 
large cushion on a south-facing slope near Aurigino, Ticino, 
Switzerland (12.5:1). In particular, cattle trampling affected the 
plant’s position several times. After the first two events, with a 
2-year-interval in-between, eccentric growth took place. Later 
events caused a striplike, longitudinal thickening of the stem 
(fluted stem) 


CHAPTER 7 


7 Modification of the Tree-Ring Structure 
Due to Defoliation and Pollarding 


Growth reduction after defoliation has two physiologi- 

cal causes: 

1. When a tree has been defoliated, only the assimi- 
lation area (needles or leaves) is lost, whereas the 
hormone supply from the buds remains intact. 

2. When a tree has been pollarded (stem and branches 
are cut off), not only the assimilation area but 
also the hormone supply from the buds are lost; 
hence, the new tissue must reorient itself. Along 
the wound margin, pressure from the bark is also 
reduced, which probably leads to a loss of growth- 
stimulating factors. 


The relationship between reduced leaf area and di- 
minished growth increment has been known for along 
time and was confirmed in trials. The studies by Har- 
tig (1853) and Neff (1914) are representative of many 
early publications. After the buds’ hormonal influence 
on wood formation was discovered, Miinch (1938), 
Wodzicki (1961), Chalupa (1965) and Addicot (1981), 
especially, investigated the relationship between leaf 
area and radial growth. After a 1-year experiment with 
partially reduced leaf area and bud numbers, Chalupa 
(1965) summarized the effects on growth increment, 
which decreased. 
The dendrochronological effects of defoliation by 
insects in particular, for example, spruce budworm, 
larch budmoth, cockchafer and saw fly, were also 
studied. In a literature review in 1998, Grissino-Mayer 
listed nearly 100 relevant articles. The wood-anatomi- 
cal changes have only been investigated sporadically, 
never in a wider context. 
It was observed that defoliation caused by pollard- 
ing the whole stem during the period of earlywood for- 
mation causes the largest possible range of anatomical 
reactions: 
¢ Reduced tree-ring width (earlywood and latewood), 
occasionally missing or false rings 
¢ Reduced ground tissue cell wall density in the ear- 
lywood 

¢ Reduced ground tissue cell wall thickening and lig- 
nification 

¢ Increased cell wall thickening and lignification dur- 
ing the following year 


« Short-term collapse of fibers at the moment the 
tree crown is cut 

¢ Changed shape and arrangement of fibers 

¢ Periodically smaller fibers and vessels with thicker 
cell walls (density fluctuations) 

¢ Latewood pore rings 

e Traumatic resin ducts 

¢ Callus tissue on wound margins 

e Local compartmentalization (tylosis, phenolic de- 
posits) 

e Altered fiber direction (Figs. 7.1, 7.2) 


A Fig. 7.1. The xylem of a sweet chestnut, Castanea sativa, re- 


orients its growth after pollarding. Below the cut, three adventi- 
tious shoots have formed. It may be assumed that, immediately 
after the cut, an initial adventitious shoot grew, concentrating 
the growth direction of the fibers on itself. The fibers growing 
towards the lower shoot overlay those of the upper one 
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e Adventitious shoots 


« Changed proportion of conducting, supporting and 
storage tissue 


Axial changes were not thoroughly investigated. 
Neff (1914, 1922) determined that pollarding causes 
the immediate transversal division of the cambium 
cells, which orient themselves along the new internal 
conditions of flow (Fig. 7.2). On pollarded stems with- 
out bark, but with adventitious shoots, the fiber direc- 
tion may be observed with the naked eye (Fig. 7.1). 


7.1 
The Reaction of Conifers 


7.1.1 
The Artificial Removal of Needles from 
the Conifer Pinus pinaster Before Bud-Break 


The first experiments on defoliation and pollarding 
were carried out by R. Hartig (1878) and Jost (1891), 
who found that when 8-m-tall Weymouth pines were 
defoliated with their buds removed in the spring, there 
was no radial growth the year after. Later, O'Neill 
(1962), Rose (1958) and Romanova and Sudachkova 
(1990) came to similar conclusions. Only Polge and 
Garros (1971) also investigated density changes. 

They defoliated 10-year-old Pinus pinaster in a 
plantation in western France, in an attempt to simu- 
late the effects of needle destruction by the proces- 
sionary moth (Thaumetopaea sp.). In spring 1960, be- 
fore bud-break, the trees were completely defoliated, 
but the still-closed buds were left on the tree. A new 
generation of needles formed during the next growing 
season. In 1970, using X-ray densitometry, the growth 
increment was analyzed. Polge and Garros (1971) 
found that (Fig. 7.3): 
¢ Tree-ring width had decreased abruptly and re- 
mained narrow over several years (Figs. 7.3). 
During the year of defoliation (1960), the minimum 
density was very low (Fig. 7.3, arrow); the next year 
(1961), it was very high; and during the following 
years just above average. 

Maximum density remained virtually unaffected. 


As far as wood anatomy is concerned: 

¢ During the year of defoliation, tree-ring width di- 
minished abruptly; in the following years, the late- 
wood density was subject to normal, climatically 
induced variability (Fig. 7.4). 

During the year of defoliation, the tracheid cell 
walls in the earlywood were much thinner than be- 


REE METRE NUNS 
auc 


at a ‘ rt tN 
SRE 


A Fig. 7.2. In Tilia americana, the cells near the cambium re- 
orient their growth before and after pollarding (60:1). a Before 
pollarding. The elements run parallel to the stem, in the direc- 
tion of the main shoot. b A few weeks after pollarding. The ele- 
ments point towards the adventitious shoot on the callus, and 
begin to differentiate. A, B groups of medullary rays; G vessels; 
H main shoot; Hf wood fibers; Hp wood parenchyma; M medul- 
lary ray; m single medullary ray cells; S side shoot; T tracheids; 
T.M. uncomplete rays . (From Neff 1914) 


fore and therefore lost their stability (Fig. 7.5). Cell 
size remained normal, but the cells have irregular 
forms. 


Polge and Garros (1971) defoliated some individu- 
als in two consecutive years (1960 and 1961), each time 
before bud-break. The second defoliation intensified 
the formation of the first row of earlywood tracheids, 
whose cell walls were mainly unlignified (Fig. 7.6). 

In contrast to the single defoliation, differentiation 
was then also affected: cell rows were no longer radi- 
ally oriented, earlywood tracheids were smaller and 
cell wall thickness was drastically reduced (Fig. 7.6). 

These observations are explained in part by results 
of Larson's (1960) trials. Earlywood production (cell 
formation and elongation) seemed to be related to 
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A Fig. 7.3. Sudden growth reduction after complete defoliation 
of a 10-year-old maritime pine, Pinus pinaster, before bud-break 
in 1960. The tree-ring width decreased abruptly after defolia- 
tion. Copies of an X-ray (4:1). Polge and Garros (1971) 
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A Fig. 7.5. Earlywood tracheids in a maritime pine, Pinus pin- 
aster (400:1). a In the year before defoliation (1959). b In the 
year defoliation took place (1960). Defoliation caused consid- 
erable reduction in cell wall thickness (b) and, after that, cell 
destabilization. Polge and Garros (1971) 


1960 
defoliation 


A Fig. 7.4. As Fig. 7.3, microscopic section (25:1). (Material 
courtesy of S. Garros) 
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A Fig. 7.6. The effects of two defoliation events before bud- 
break on the cell structure of a maritime pine, Pinus pinaster 
(100:1). After the first defoliation (1960), the earlywood had 
thin-walled cells; in the year of the second defoliation (1961), the 
first earlywood tracheids remained small, whereas the tracheid 
and ray cell walls were not thickened and unlignified (arrow) 
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shoot elongation and, consequently, to the produc- 
tion of auxin. When this phase was blocked - probably 
because of the missing assimilation area and carbohy- 
drates - indole acetic acid induced latewood forma- 
tion. 


7.1.2 
Removing Whole trees in Managed forests 
(pollarding). Living stumps of Anastomotic 
Trees 


The process of root anastomosis between different in- 
dividuals of the same species ensures the survival of 
the stumps of felled conifers over decades (Fig. 7.7). 
Since Géppert (1846), a wide range of reports have 
been published (Graham and Bormann 1966; Larson 
1994; Lyr et al. 1992). Tissue changes were, however, 
rarely dealt with. Neff (1914, 1922) studied conifers, 
namely, Norway spruce and silver fir (Picea abies and 
Abies alba), whereas Jacqiuot (1966) worked with oak, 
Quercus robur and Quercus petraea. 

After the loss of the crown, mechanical stress, sap 
flow at the wound margin, bark pressure and hence 


A Fig. 7.7. Callus tissue overgrowing a Douglas fir stump, Pseu- 
dotsuga menziesii, in a 40-year-old plantation in Ticino, Swit- 
zerland 


also the influence of bud-borne hormones all change. 

Immediately after the cut, the tree reacts to the injury. 
Anatomical studies of Abies grandis and Thuja pli- 

cata stumps from a plantation in Ticino, Switzerland, 

and of a Norway spruce, Picea abies, from a stand in 

Birmensdorf, showed the following changes: 

« The fibers in the callus tissue are intertwined to 
whirling. Neff (1922), as well as Lev-Yadun and 
Aloni (1990) considered the callus tissue to be an 
incomplete replacement or the initial parts of long 
shoots (Fig. 7.8). Very few conifer species are ca- 
pable of creating real shoots, for example, Thuja 
plicata. 

e The lack of mechanical stress after pollarding gives 
rise to the formation of narrow latewood with thin- 
walled cells. 

¢ Rows of traumatic resin ducts are a reaction to 
physiological stress (Figs. 7.9-7.11). They even oc- 
cur in species that normally do not have resin ducts 
in the xylem (Thuja, Abies) (Figs. 7.9-7.11). 

e According to Jacquiot (1966), the missing inductive 
effect of the living crown gives rise to a changed cell 
shape and a tracheid arrangement that is no longer 
radial as it usually is in conifers (Figs. 7.11, 7.12). 
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A Fig. 7.8. Tangential section through the xylem of stumps 
with callus tissue. (80:1) In “normally grown xylem,” the tissue 
is strictly vertically/horizontally oriented (a), whereas in “xylem 
of callus tissue,” the fibers are intertwined to whirling (b). In b, 
the section was made exactly at the point where the reorienta- 
tion of the tissue takes place (first year after pollarding) 
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A Fig. 7.9. Radial section through the 
callus margin of Abies grandis (25:2), 
from the Copera plantation, Ticino, 
Switzerland. After the cut, the cambium 
died about 5 mm lower down the stem. 
The callus margin reached the cut surface 
only after 3 years. Although Abies nor- 
mally does not form resin ducts in the 
xylem, in the second year after pollarding 
the callus tissue contains traumatic resin 
ducts (arrows) 


A Fig. 7.10. Radial section through cal- 
lus tissue of the earlywood of the third 
tree ring. Thuja plicata (100:1). The short, 
wavelike tracheids are characteristic of 


the “xylem of callus tissue” 


A Fig. 7.11. Cross section through the 
xylem of normally grown trees and the 
xylem of callus tissue in a living stump 
(about 10 cm below the pollarded edge). 
Abies grandis, from the Copera planta- 
tion in Ticino, Switzerland (100:1). The 
xylem of normally grown trees is char- 
acterized by a strictly three-dimensional 
arrangement (transversal, tangential, ra- 
dial). This disappears with the loss of the 
tree crown: the tracheids vary in size and 
shape, and the axial orientation of the fi- 
bers is lost. The latewood is narrower and 
its cell walls are thinner. A characteristic 
of xylem of callus tissue is the traumatic 
resin ducts. In species that do not nor- 
mally form resin ducts, they are limited 
to a transition area 
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A Fig. 7.12. The tissue in the transition area reorients its 
growth after the loss of stem and crown. Thuja plicata (100:1). 
The changed conditions are reflected in thinner cell walls, less 
strictly arranged axial tissue, changed cell shape, narrow late- 
wood with thin-walled cells and a narrow first tree ring 


7.1.3 
The Removal of Branches: Cutting off Lower 
Branches and Branch Pruning 


The removal of living, shaded, conifer branches is a 
common silvicultural measure in order to increase tim- 
ber quality while maintaining the same rate of growth 
(Mitscherlich and von Gadov 1968; Keller and Pfaffli 
1987). It is particularly important that the stub end of 
the branch should become completely overgrown by 
the stem. The sudden loss of the peripheral assimila- 
tion and transpiration system as well as changes in 
mechanical stress give rise to considerable structural 
changes within the remaining stub ends (Fig. 7.13): 
¢ Growth increment is reduced. In the following 
year, a narrow tree ring, often without latewood, is 
formed from the branch’s own reserves (Fig. 7.13). 
Short stub ends usually die off after a year or two; 
those that still have a few needles produce callus 
tissue at the tip of the stub (Fig. 7.14). 
¢ An irritation from the wound causes the formation 
of resin ducts (Fig. 7.13). 


¢ The earlywood cells are usually smaller than those 
in previous tree rings (Fig. 7.14). 

e There is no cell wall thickening, not even in poten- 
tial compression wood areas (Fig. 7.13). 

¢ Cell orientation is only disrupted in specimens 
from which all buds were removed (Fig. 7.13). 

¢ The presence of even very little bud material allows 
a subnormal cell differentiation (Fig. 7.14). 


The processes following branch removal are similar 
to those within a tree stump after a tree has been felled. 
However, survival is only possible if the assimilation 
system is able to regenerate. 


7.1.4 
Tree Needle Loss Due to Shading 


Little is known regarding the natural death of young, 
densely grown trees, whose stems, however, survive for 
along time owing to root anastomoses. In the example 
illustrated here, many 2-3-m-tall spruce trees, with 
a diameter of 5-10 cm, grow in the shade of a dense 
canopy of large spruces. These small, severely sup- 
pressed trees have very few needles - too few to keep 
the metabolism functioning; some small individuals 
are dead. In many of the trees, which have no needles, 
the cambium is alive up to 2-m height. In contrast to 


“live tree stumps,’ these individuals do not seem to be 


exposed to extreme stress. In two cases (Figs. 7.15b, 
7.16), growth increment decreased abruptly; probably 
from that moment onwards, the crown was no longer 
able to maintain the previous carbon budget. In all the 
other trees, the growth increment diminished gradu- 
ally, and the number of resin ducts, including the 
traumatic ones, increased. It may be concluded that 
the nutrient supply by root anastomosis is not con- 
stant. As the tree-ring series just before death cannot 
be cross-dated, it can be assumed that the interannual 
variation reflects the stand dynamics. The question re- 
mains as to why stems and root systems of suppressed 
trees should be kept alive by the dominant trees. It 
can only be assumed that this phenomenon is part of 
a long-term stand strategy in which not only biologi- 
cal but also mechanical factors have a role to play (soil 
stabilization). 


7.1.5 
Defoliation by Insects 


Defoliation by insects is an important topic in ento- 
mological literature: there are innumerable insects 
that develop on needles and leaves, and sometimes 
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A Fig. 7.14. Surviving stub end after the pruning of a branch. 


A Fig. 7.13. Dead stub end after the pruning of a branch (ar- 


row). Norway spruce, Picea abies. Birmensdorf, Switzerland Note the characteristic growth reduction. The last tree-ring is 


near the callus margin and contains abnormally large resin ducts. 


(110:1). Growth reduction, missing latewood, thin cell walls and 


Norway spruce, Picea abies. Birmensdorf, Switzerland (110:1) 


resin ducts are all characteristic of this treatment 


spruce, Picea abies, without needles, whose cambium is alive. 
Mariazell, Austria, 1,500 m above sea level (30:1). Growth 
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and only rarely 


a), 


( 


abruptly (b). The tree-ring widths close to the cambium are 


increment usually decreases continuously 


generally below 0.1 mm 
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A Fig. 7.16. Tree rings near the cambium in a Norway spruce, 
Picea abies, without needles (120:1) Sudden reduction in growth 
increment after a series of tree rings containing compression 
wood. The latewood cell walls of the last five rings are remark- 
ably thin. There is some indication of traumatic resin ducts 


cause defoliation. Mattson et al. (1988) mentioned 85 
species of Lepidoptera and Hymenoptera in North 
America alone, which periodically defoliate areas 
of over 1,000 ha. This study concentrates on the two 
most investigated defoliators in dendrochronology. 


7.1.5.1 
Larch Budmoth Outbreaks 


Zeiraphera diniana is a nocturnal moth (Fig. 7.17) 
whose caterpillar (Fig. 7.17a) feeds exclusively on 
larch needles. In the summer, the moth lays its eggs 
in the cavities of chipped-off bark. During the follow- 
ing May and June, when the new needles develop, the 
larvae pass through four stages before pupation takes 
place in the needle litter. Periodically, every 7-10 years, 
budmoth outbreaks occur during which the assimila- 
tion area of the larch trees is more or less destroyed by 
larvae at the beginning of the growing season (Baltens- 
weiler 1978; Baltensweiler and Rubli 1999). 


The defoliation leads to wood-anatomical changes 
(Schweingruber 1979; Weber 1996). The destructive 
phase consists of one tree ring in the year of the at- 
tack, and a regeneration phase of several years’ dura- 
tion (Fig. 7.18). An attack limits earlywood formation: 
fewer cells are produced, and cell wall thickening is 
reduced. At the time of the second needle production 
in the same year, latewood formation is reduced. The 
number of latewood cells and secondary wall growth 
are also diminished (Fig. 7.19). The lignification of the 
walls does not seem to be affected. During the first 
year after the attack, the cell differentiation process is 
somewhat disrupted; often the tracheids are rather ir- 
regularly shaped (Fig. 7.20c). After 5 years at the latest, 
normal growth takes over again (Fig. 7.20d) which is, 
however, very variable (Fig. 7.20). 

The extremely narrow tree rings at the time of the 
outbreak cause dating problems, which are all the 
more serious because these phases occur periodically. 


7.1.5.2 
Spruce Budworm Outbreaks (Choristoneura 
occidentalis and Choristoneura fumiferana) 


The little spruce budworm is a nocturnal moth. 
(Fig. 7.21) In the spring, its new larvae attack young 
shoots, and in the summer they eat older needles. An 
attack lasts several years. During this time, the tree 
crowns lose more and more needles. In many cases, 
this causes the death of the trees (Schmitt et al. 1984). 

Research on spruce budworm is particularly com- 
mon in American dendrochronology (e.g., Swetnam 
and Lynch 1993; Morin 1994; Veblen et al. 1991); 
however, the effects of crown destruction on tree-ring 
anatomy have hardly been considered so far. 

Cross sections show badly affected Pseudotsuga 
menziesii (Fig. 7.22), and unaffected Pinus contorta 
(Fig. 7.23), from a mixed stand in Nederland, Colo- 
rado, USA. 

The loss of needles lasting several years has an effect 
on the tree rings. Slight needle loss leads to a more or 
less severe reduction in tree-ring width, and to a lesser 
extent of latewood density (Fig. 7.22). Only in the fi- 
nal stage, which usually leads to death, the trees react 
by forming rows of tangential traumatic resin ducts 
(Fig. 7.24). As Choristoneura occidentalis in western 
North America mainly attacks Pseudotsuga menziesii, 
and causes their death, the light conditions in the af- 
fected stands change. In the case shown here, the un- 
affected Pinus contorta benefit from the better light 
conditions, and are, thus, able to produce wider tree 
rings (Fig. 7.23) 
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A Fig. 7.17. Larch twig with budmoth, a cocoon and b butterfly (Zeiraphera diniana). 
(Slide courtesy of K. Maksymov) 


> Fig. 7.18. Larch (Larix decidua) tree-ring series from the fourteenth century, with 
three phases of growth reduction caused by the budmoth (arrows). Wallis, Switzer- 
land (35:1). The cycle lasts 9 years. Following the loss of the crown, a narrow ring 
with little latewood and slightly thicker cell walls is produced. The period of growth 
reduction/recovery after an attack varies between 3 and 4 years. In any case, by the 
time the next outbreak occurs, the tree has regained its full cambial production 
capacity 


> Fig. 7.19. Effects of a larch budmoth 
attack on the cell wall synthesis of larch, 
Larix decidua (250:1) (excerpt from 

Fig. 7.20d). The cell wall synthesis of the 
previous year’s latewood is complete. 
About the end of June, normal cell for- 
mation starts again, and the cell walls of 
the first earlywood tracheids have their 
usual thickness (small arrow). As a result 
of the attack, cell formation is reduced 
and cell wall thickening is interrupted; 
the tracheid walls remain thin (two 
small arrows). Cell formation and cell 
wall synthesis are inhibited; the cell wall 
thickening (apposition growth) seems to 
be individually regulated (large arrow). 
The next year, cell wall elongation is 
inhibited, and the tracheid diameters are 
smaller than those of the preceding year. 
Tissue differentiation appears to be dis- 
rupted to a certain degree; the tracheids 
do not have the nice rectangular shape 
as in normal years. Cell wall thickness is 


already normal again 
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A Fig. 7.20. Different effects of crown damage, caused by the larch budmoth, on radial stem growth. The examples shown are from 
live larches, Larix decidua, in Upper Wallis and in Engadine, Switzerland (90:1). a The typical pattern of attack. In the year of the 
attack, tree-ring growth diminishes abruptly. b Slight growth reduction, possibly a result of partial crown damage. c The crown was 
damaged at the end of the earlywood formation. d Reaction of the tree-ring synthesis to one or two attacks. The disruptive phase 
lasted 4 or 5 years. (Material courtesy of U. Weber) 


sa on } b 
f 9 ies = cee. 
> : 
Dae 
‘St. Moth (Adult) 
; 4th, 5th, 6th instar “4 f/ 


N "Eggs z 
a \ ‘e 
a 
= ~~ N * 
3rd instar 1st Instar 


—- or? | _ —_ 


A Fig. 7.21. Life cycle of Choristoneura fumiferana. (From Schmidt et al. 1983) 


A Fig. 7.22. Tree-ring series 
of a Douglas fir, Pseudotsuga 


menziesii, which, in the sum- 
mer, was defoliated mainly 
by Choristoneura occidenta- 
lis (12.5:1). The extent of the 
growth reduction varies and 
is of different duration (the 
arrow indicates a very strong 
reduction) 
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7.1.6 
Defoliation Caused by Fungi 


Fungi that damage tree needles reduce photosynthetic 
activity, and in some cases cause shoots to die. This 
is likely to lead to growth reduction and anatomical 
changes. Oberhuber et al. (1999) confirmed this in their 
study on the radial growth increment of slow-growing 
Cembran pine (Pinus cembra) which were infested with 
Chrysomyxa rhododendri. They determined a growth 
reduction of 20-40% (0.5-0.3mm), and found that at- 
tacks of several years’ duration delayed needle produc- 
tion and caused the death of young plants. In fast-grow- 
ing Norway spruce (Picea abies; tree-ring widths of 
more than 2 mm), however, even a severe Chrysomyxa 
attack does not lead to a growth reduction (Cheru- 
bini, personal communication). Shaw and Toes (1977) 
found that Pinus radiata in New Zealand that are heav- 
ily infested with Dothistroma pini have a short-term, 
radial growth reduction of up to 70%. Larches (Larix 
kaempferi) infested with shoot blight (Guignardia laric- 
ina) have little latewood density in the year of the attack, 
and narrow tree-ring widths during the following year 

(Katayose and Takata 1989). 

The effect of needle-damaging fungi on growth in- 
crement is shown in three examples from the Alps, at 
the upper timberline near Davos, Switzerland: 

1. Shoot death. Gremmeniella abietina (Figs. 7.25- 
7.27). This species is the main pest of many tree 
species, for example, Pinus nigra, Pinus contorta, 
Pinus cembra and Larix decidua (Butin 1996). It 
attacks the needles on the youngest shoots, and 
spreads, over several years, mainly from the bark to 
the whole plant (Barklund and Rowe 1981). 


< Fig. 7.23. Continuously increas- 

ing growth increment (arrow) in Pinus 
contorta, as a result of better light condi- 
tions after crown damage to neighbor- 
ing Pseudotsuga menziesii, caused by 
Choristoneura occidentalis (12.5:1) 


> Fig. 7.24. Rows of traumatic, 
tangential resin ducts in Douglas fir, 
Pseudotsuga menziesii, following a severe 
attack of Choristoneura occidentalis 
(100:1). Recovery after the attack (from 
Schweingruber et al. 2006) 


2. White snow-mold fungus. Phacidium infestans 
(Figs. 7.26, 7.27, 7.31). In Scandinavia, it attacks 
Pinus sylvestris, and in the Alps Pinus cembra (“Cem- 
bran pine snow fungus”). It develops in the hollows 
below the snow cover. The crown damage is most 
noticeable during snow melting (Roll-Hansen 1989). 

3. Black snow-mold fungus. Herpotrichia juniperi 
(Figs. 7.33, 7.34). In the hollows below the snow 
cover, a black-brown mycelium develops on the 
needles of various conifer species. Needles and 
twigs that are completely overgrown by mycelia die 
during the snow melt. 


All three fungi cause the death of twigs or of the en- 
tire plant. The symptoms and the moment of death of 
the shoots may be reconstructed from the tree rings. 

A severe attack triggers an abrupt growth reduction 
in all species. In Gremmeniella and Phacidium infes- 
tations this growth reduction lasts for several years 
(Figs. 7.27, 7.32), whereas in the case of Herpotrichia 
the crown reduction generally is less than one grow- 
ing season (Fig. 7.34). Larix reacts to the physiologi- 
cal stress, caused by Gremmeniella, with the forma- 
tion of traumatic resin ducts (Fig. 7.29) and abnormal 
tracheid shape (Fig. 7.28). A severe attack in the late 
summer reduces cell wall thickness (Fig. 7.32). Cam- 
bia die off at different times (Frei Ray and Schwein- 
gruber 1993). Phacidium and Herpotrichia usually 
cause the death of the shoots at the beginning of the 
growing season. In this case, the tree ring ends with 
a few earlywood cells (Figs. 7.30, 7.34). Gremmeniella 
often kills the shoots at the end of the growing season 
(Figs. 7.29, 7.30). 


150 Modification of the Tree-Ring Structure Due to Defoliation and Pollarding 


A Fig. 7.25. Shoot death caused by Gremmeniella abietina,on A Fig.7.26. The white snow-mold fungus, Phacidium infestans, 


a pine, Pinus nigra. The youngest shoots have lost their needles caused the death of the needles under the snow cover (Butin 
(Butin 1983) 1983) 
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A Fig. 7.27. Sudden growth reduction after crown damage 4 Fig. 7.28. Disorientation of tracheid tissue structure as a re- 
by Gremmeniella abietina on Cembran pine, Pinus cembra (a), _ sult of crown damage by Gremmeniella abietina or Phacidium in- 
and by Phacidium infestans on larch, Larix decidua (b). Upper _festans ona larch tree, Larix decidua. Davos, Switzerland (110:1). 
timberline, Davos, Switzerland (30:1). The tree-ring series of | Before death occurred, the tracheid cross sections showed much 
50-70-cm-tall, dead plants is shown. The dying phase lasted variation; their normal, strictly radial arrangement is lost owing 
3 years (a) and 4 years (b), respectively to repeated pericline cell division (arrows). The tangential rows 


of resin ducts are typical 
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A Fig. 7.29. Tangential rows of traumatic resin ducts as a result 
of the physiological stress caused by Gremmeniella abietina on a 
larch, Larix decidua. Davos, Switzerland (40:1) 
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A Fig. 7.30. The latewood zone with thin-walled tracheids and 
a narrow ring in the following year are probably a reaction to a 
severe Gremmeniella abietina attack in the summer. Cembran 
pine, Pinus cembra (the individual survived). Davos, Switzer- 
land (100:1) 


< Fig. 7.31. Larch, Larix decidua (a), and Cembran pine, Pinus 
cembra (b), that died during earlywood formation from an 
attack of Phacidium infestans or Gremmeniella abietina. Davos, 
Switzerland (110:1). Growth came to a halt after the forma- 
tion of a single (a) to several (b) cell rows. a The first row of 
earlywood cells is complete. The attack also blocks cell wall 
thickening and lignification 


< Fig. 7.32. Cembran pine, Pinus cembra (a), and larch, Larix 
decidua (b), that died during latewood formation. Davos, 
Switzerland (110:1). All the plants died before tree-ring growth 
was complete. a Before the formation of the radially flattened 
latewood tracheids. b During latewood formation. In neither 


case was cell wall synthesis complete 
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A Fig. 7.33. The black snow-mold fungus, Herpotrichia juni- 
peri, develops under the snow cover and causes the death of the 
needles (Butin 1983) 


> Fig. 7.34. The black snow-mold fungus, Herpotrichia juni- 
peri, killed dwarf juniper shoots, Juniperus nana. Davos, Switzer- 
land (110:1). Death occurred at the beginning of the growing 
season. The last ring only consists of a few rows of earlywood 
cells 


7.1.7 
Defoliation of Fir Trees Caused by Unknown 
Pathogens (Forest Decline in Firs) 


The central European forest decline affecting fir trees, 
a disease whose causes have not as yet been ascer- 
tained, is characterized by a thinning tree crown, re- 
duced apical growth, indistinct wet heartwood rotting 
roots and a sudden growth reduction (Wiedemann 
1927, Lenz et al. 1986). According to Blaschke (1982), 
Phytophtora rot on the roots might be at least one of 
the causes of this disease. From an anatomical point of 
view, neither the dying (Fig. 7.35) nor the regeneration 


process of the tree is spectacular. At a certain moment 
in time, earlywood and latewood widths are suddenly 
reduced by about half (Fig. 7.35, arrow), often after a 
slightly reduced tree ring the previous year. According 
to Nogler (1981), in different parts of the same tree, 
the moment of growth reduction may vary by many 
years. This sudden reduction begins at the stem ba- 
sis (the tree rings of the roots were never analyzed), 
and, during the course of many years, continues up 
the stem into the tree crown. In this reduction phase, 
there are often discontinuous rings (Nogler 1981). An 
indication for a recovery from the disease is increased 
tree-ring width. 
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A Fig. 7.35. Tree-ring series of firs, Abies alba, Fricktal, Swit- 
zerland (15.5:1) that suffer from “forest decline.” The sudden 
growth reduction is characteristic of the disease (arrow) 


7.1.8 
Defoliation Caused by Anthropogenic Air 
Pollution 


Increased man-made woodland damage in Europe 
and North America has initiated an extensive den- 
drochronological literature. In his literature review 
of 1997, Grissino-Mayer mentioned 250 articles on 
“forest decline.” However, woodland in the vicinity of 
heavy air pollution sources was hardly considered, 
and wood-anatomical changes were virtually forgot- 
ten. Schneider and Halbwachs (1989) documented 
the structural changes in spruce affected by fluoride 
emissions. Fischer et al. (1993) analyzed firs (Abies 
alba) and pines (Pinus nigra) that had been exposed 
to sulfur dioxide in fumigation chambers Neither in 
the tree-ring widths nor in the anatomical structures 
could any definite evidence of possible fumigation ef- 
fects be found, because other factors had a greater in- 
fluence on radial growth. 

In the following two examples, cause and effect are 
evident: 


7.1.8.1 
Sulfur Dioxide: Dead and Dying Larches, Spruces 
and Birches in the Forest Decline Area of Norilsk, 
Russia 


The forest decline area of Norilsk, of about 5,000-km7? 
size, lies at the northern timberline between 68° and 
70° latitude, on permafrost soil. Larch (Larix sibirica), 
spruce (Picea obovata) and birch (Betula pendula) 
died owing to extremely high sulfur dioxide emissions 
(Schweingruber and Voronin 1996). Specimens with 
the following provenances were analyzed: spruces (Pi- 
cea obovata) from Kantaskoye, in the south of the pol- 
luted area (Fig. 7.36); dead larches (Larix sibirica) from 
Rybnaya, the center of the affected area (Fig. 7.37); 
larches with severely damaged crowns from Kuly- 
umbe, the southern part of the polluted zone in 1991 
(Figs. 7.38, 7.39); and birches (Betula pendula) in the 
vicinity, though on the leeward side, of the Valeka fac- 
tory (Fig. 7.40). 

The influence on latewood cell wall growth varies. In 
larch, the tree-ring boundaries are often only marked 
by a row of radially flattened cells with thin walls. Con- 
sequently, these boundaries can only be determined 
under the microscope. Furthermore, the latewood 
cells in larch are not thick-walled when the trees are 
dying (Fig. 7.37). In the dead spruce trees that were 


< Fig. 7.36. Dead spruce 
trees, Picea obovata, in the vi- 
cinity of a heavy metal works 
at Norilsk, Siberia (120:1). 
The dying phase varies from 
“no growth reduction” to a re- 
duction lasting 4 years. Most 
of the individuals died after 
the latewood formation was 
complete 
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< Fig. 7.37. Dying larches, 
Larix sibirica, which have lost 
at least 90% of their needles. 
Norilsk, Siberia (120:1). 

The samples were taken on 
August 1, 1991. Equivalent 
damage in tree crowns was 
not reflected tree-ring series. 
All trees showed sudden 
growth reductions, lasting 
from 3 to 8 years. 


< Fig. 7.39. Larches grown 
on a moraine near Norilsk, 

Siberia, that died many years 
ago (120:1). Death occurred 
during earlywood formation 


analyzed, latewood formation had changed very little 
(Fig. 7.36, final rings). Cell wall elongation is not af- 
fected. The tracheids are of normal size. The effects of 
pollution are, however, very distinct in birches. Trees 
with damaged leaves have very narrow rings with a 
small proportion of earlywood, small vessels and wide 
latewood. Discontinuous tree rings, or at least late- 
wood that runs into the latewood of the following year, 
are common (Fig. 7.40). 


< Fig. 7.38. Larches, Larix 
sibirica, that died several 
years previously, in the river 
valley Rybnaya near Norilsk, 
Siberia (120:1). Before death, 
the tree-ring width series 
varied considerably; The late- 
wood zones were also highly 
variable before death 


The season of death varies. In rare cases, stress before 
death gives rise to the formation of traumatic resin 
ducts (Fig. 7.38). Death occurred during the sum- 
mer, sometimes at the end of earlywood formation 
(Fig. 7.39) and often during latewood formation. The 
small spruce trees that were analyzed had all died after 
the latewood formation (Fig. 7.36). 


7.1.8.2 
Sulfur Dioxide: Dead Fir Trees at Lake Baikal 


Upwind of an SO,-emitting paper factory on the south- 
ern side of Lake Baikal in the Chamardaban Moun- 
tains, Russia, fir trees (Abies sibirica) are dying; ow- 
ever, despite the high emission intensity, the damaged 
area and the proportion of damaged trees are small in 
comparison with those at Norilsk (Sect. 7.1.8.1). This 
is probably due to the high precipitation levels (above 
2,000 mm) that reduce the acid concentration in the 
air and quickly wash out the sulfur from the root ho- 
rizon. However, the observations made on the Norilsk 
conifers are confirmed by those on the Baikal firs: the 
trees react differently to pollution, be it with a sudden 
growth reduction (Fig. 7.41), reduced latewood cell 
wall thickening (Fig. 7.42) or the intra-annually vari- 
able moment of death (Fig. 7.41). 
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A Fig. 7.40. Birches, Betula pendula, with severely damaged 
leaves, growing below the main plume of smoke of the tall 
chimney of Valeka near Norilsk, Siberia (120:1). In the last five 
tree rings (1987-1991), earlywood width varied considerably. 
The latewood has retained its usual width. Often, the latewoods 
of two rings consecutive years touch (arrow) 
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7.1.8.3 
Radiation Damage 


Observations regarding radial tree growth following 
radiation experiments have been confirmed in the 
analyses of pines exposed to the nuclear power station 
catastrophe in Chernobyl. 


A Fig. 7.41. Firs, Abies sibirica, that died owing to SO2 emis- 
sions, on the southwestern end of Lake Baikal, Russia (45:1). The 
dying phase lasted between 1 year (a) and 15 years (b). Growth 
reduction was always sudden 


< Fig. 7.42. Dying phase and death of firs, Abies sibirica, in an 
area subject to strong SO, emissions, in the vicinity of a paper 
factory on Lake Baikal, Russia (120:1). a During the dying 
phase, the latewood is only rudimentary: it consists of a single, 
often discontinuous row of radial flat latewood cells. In extreme 
years, the earlywood is absent; hence, the tree rings cannot 

be distinguished (arrow). Death probably occurred during 
latewood formation in August. b The dying phase is very short, 
consisting of only two or three rows of earlywood tracheids. 
Death occurred at the end of June 


Short-term, intensive radiation in June and August, 
with mixed gamma and slow neutron radiation flux 
(900-1,400 rad), in Pinus rigida gave rise to the forma- 
tion of abnormal tracheid cross sections and cell ends 
(Clark and Hamilton 1968). These results were con- 
firmed by Hamilton and Chesser (1969) for Quercus 
alba and Liquidambar styraciflua. During a long-term 
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trial with gamma rays from a °°Co source (3.1-10 rad/ 
day) all Pinus rigida within a radius of 100m died 
within 10 years (see also Fink 1999). 

On April 26, 1986, a reactor of the nuclear power 
plant at Chernobyl in the Ukraine exploded. During 
the disaster, the surrounding area within a 1-km ra- 
dius was exposed to up to 25 rad/h, and at the same 
time radioactive aerosols (°°Sr, '*7Cs) were formed. 
Immediately afterwards, pine trees lost their needles, 
often from still undeveloped shoots. Over the follow- 
ing years, the radiation intensity diminished consid- 
erably, but the nearby pine forests nevertheless died 
(Fig. 7.43). From 1988 onwards, some trees regener- 
ated (Musaev, personal communication). 

The effects of radiation are seen in a pine tree (Pinus 
sylvestris) with severe needle loss that was felled in the 
summer of 1993 (Figs. 7.44, 7.45). Direct radiation 
disrupted cell division and differentiation (Fig. 7.44). 
The anticline cell production is less regular; pericline 
divisions are rare (Musaev 1993; Schmitt et al. 2000; 
(arrow in Fig. 7.44) and linked to the disappearance of 


A Fig. 7.43. Woodland edge at 2-km distance from the ex- 
ploded nuclear power station at Chernobyl, Ukraine (Scots 
pine, Pinus sylvestris). The trees’ sensitivity towards radioactivity 
varies: some died, some lost their needles and a few were hardly 
damaged. (Photo E. Musaev, August 28, 1992) 


original initials. There are tissue anomalies at the end 
of the earlywood (arrow in Fig. 7.44). The cambium 
cells within the roots do not appear to have been af- 
fected (Fig. 7.45a), probably because the soil acted as 
a protective buffer. These results were confirmed by 
Zhirina and Kryshtop (1996), who observed abnormal 
vessels in oaks exposed to radiation. 

The original tissue arrangement had already been 
restored in the latewood. Only those cambium cells 
that were in the process of division at the time of the 
disaster were directly affected by the event. 

In 1986, the tree crown still reached its full assimila- 
tion capacity as deduced from the completely developed 
latewood. The 1987 tree ring was narrower than usual 
throughout the tree, probably because of the needle 
loss. The rings of 1988-1993 indicate a damaged crown; 
they are narrow, and sometimes absent, and contain 
latewood cells with not very thick walls. The damage is 
greater on the windward side that was directly exposed 
to radiation, but in any case it affected the whole tree, 
from the root (Fig. 7.45a) to the crown (Fig. 7.45b-e). 
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A Fig. 7.44. Cell anomalies. Excerpt from Fig. 7.45e (120:1). 
The 1986 tree ring has cell anomalies (arrow), which were prob- 
ably caused by direct radiation. The anomaly lies in the cell 
arrangement that is no longer strictly radial. This is caused by 
pericline division and the contemporary disappearance of other 
cambium initials (Material courtesy of E. Musaev) 
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A Fig. 7.45. Root xylem (a) and stem xylem (b-e) of a Scots pine, Pinus sylvestris, damaged during the nuclear reactor accident at 
Chernobyl, Ukraine (45:1). a Root, b stem 0.55 m upwind, c stem 0.55 m downwind, d stem 10 m upwind, e stem 10m downwind. 
The tree-ring series shown is leveled on the 1986 latewood. During the year of the accident (1986), small cell anomalies formed 
(arrows), and from 1987 onwards, there was a sudden reduction in tree-ring width. The rings from 1988 are different from the 1986 
ring. The root (a) does not show cell anomalies in 1986. (Material courtesy of E. Musaev) 


7.2 
The Reaction of Deciduous Wood 


7.2.1 
Tree Crown Removal 


7.2.1.1 
The Management of Young, Dense Stands 


A common silvicultural measure in the management 
of young, dense, deciduous woodland is to pollard 
the weakest individuals to a height of 1-1.5 m during 
the growing season. Between July 7 and 13, 1992, in 
Birmensdorf, Switzerland, about 6 weeks after com- 


ing into leaf, 3-5-year-old trees, 2-3.5 m in height 
and 3-5-cm in diameter, grown in deep, nutrient-rich 
brown soil were pollarded (Fig. 7.46). On August 1, 
1995, the following samples were taken for analysis: 
1. Ash, Fraxinus excelsior, ring-porous 

¢ Four well-regenerated individuals 

¢ Two suppressed individuals 

¢ One dead individual 
2. Mountain elm, Ulmus glabra, ring-porous 

¢ One well-regenerated individual 

¢ One suppressed individual 
3. Sycamore, Acer pseudoplatanus, diffuse-porous 

¢ One well-regenerated individual 

¢ One suppressed individual 
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adventisspross 


samples from 
branch (Fig. 7.50) 
area of callous 
tissue (Fig. 7.51) 


samples from the stem 80 - 100 cm 
above ground (Fig. 7.52 - 7.54) 


samples from roots 


root, at 10cm 

distance from 

Pe, the stem basis 
root, at 50 cm distance 
from the stem basis 


A Fig. 7.46. Stump of a pollarded sycamore, Acer pseudoplata- 
nus. The area of the cut is dry and partially decomposed. Close 
to the wound callus adventitious shoots are formed. The posi- 
tions from which the samples were taken are shown 


4. Sallow, Salix caprea, diffuse-porous 
¢ One perfectly regenerated individual 

5. Red-berried elder, Sambucus racemosa 
¢ One well-regenerated individual 

6. Wild cherry, Prunus avium, semi-ring-porous 
¢ One poorly regenerated individual 


The loss of tree crown and sap flow gave rise to 
physiological and anatomical changes. Some speci- 
men died soon after pollarding, or in the next growing 
season (Fig. 7.47). Most individuals were shaded out 
by the crowns of the untreated trees, and only very few 
pollarded specimen retained the capacity to compete. 
The removal of a tree’s crown triggers the following 
anatomical changes: 
¢ Pollarding causes compartmentalization in the area 

of the cut, which lasts 1 or 2 years. Often tyloses are 
formed in the earlywood vessels, in the earlywood- 
like vessels within the latewood and in the vessels 
of the following year (Fig. 7.48); often, phenolic 
substances are deposited. 

e In some individuals (Ulmus, Acer, Salix) the un- 
lignified ground tissue cells collapsed (Fig. 7.49). 
This is particularly noticeable in willow roots. As a 
result of the cut, the cell pressure probably drops 
within the xylem, but not in the bark. The severe 


bark pressure on the unlignified xylem may, there- 
fore, cause the bending over. 

Very soon, along the wound margin, adventitious 
buds and shoots form, which in the next and fol- 
lowing years, when growth is reoriented, will ab- 
sorb most of the energy and, after the construction 
of the leaf area, keep the plant alive (Fig. 7.50). 

The meristematic cells along the wound margin im- 
mediately form callus tissue that will later overgrow 
the stem wound (Fig. 7.51). The xylem within the 
callus margin decays. 

After pollarding, within the tree ring of the current 
year, the processes of cell wall formation (thicken- 
ing and lignification) are interrupted suddenly and 
definitely (Figs. 7.52, 7.53). The cells probably die. 
Also in the year of the event, the ground tissue is 
newly oriented; a “false ring” is formed, at first a 
pore-free zone from radially flattened, rectangular 
and partly thick walled fibers (Figs. 7.52, 7.54b). 
Contemporary with the formation of adventitious 
shoots in the stem, the ring-porous species (Fraxi- 
nus, Ulmus) form an earlywood-like ring at the 
end of the tree ring (Figs. 7.52, 7.54). Diffuse-po- 
rous species (Acer, Salix, Sambucus) form a dense 
groups of small vessels (Figs. 7.51, 7.53). In this area 
of reorganization, the fibers are usually normally 
to strongly lignified and thick-walled (Figs. 7.49, 
7.52). 

The reorganization is also expressed in the longitu- 
dinal orientation of the fibers, in the cell length and 
the shape of the medullary rays (Fig. 7.55). 

In the pollarded stem, xylem production is reduced. 
All the tree rings within the stem are very much 
narrower in the year after the event than they were 
before, and the earlywood vessels of ring-porous 
species remain smaller (Fig. 7.53). Cell wall thick- 
ening and lignification vary within the same indi- 
vidual (Fig. 7.53a), and also from one species to an- 
other (Fig. 7.53b). Within the same individual, the 
growth changes also vary: in the stem, growth is al- 
ways reduced. In Ulmus roots, however, no growth 
reduction was observed, whereas in Salix growth 
diminished considerably. It is likely that normal 
radial growth conditions will be restored only after 
the crown has completely regenerated. 

During the following years, the dead parts of the xy- 
lem decay owing to the white rot fungus (Figs. 7.48, 
7.51). 
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A Fig. 7.47. Ash, Fraxinus excelsior, 
that died in the spring after pollarding. 
Birmensdorf, Switzerland (35:1). Before 
death occurred in May 1993, in the stem 
only very few normally lignified early- 
wood pores (arrows) had formed. The 
effect of pollarding on the stem is clear 
from the cell changes in the latewood 


A Fig. 7.50. Cross sections of an ad- 
ventitious shoot formed after pollarding 


with large radial growth increment. Ash, 
Fraxinus excelsior (30:1). Adventitious 
shoot of 1992 


A Fig. 7.48. Stem cross section of the 
pollarded sycamore in Fig. 7.46, about 
5 cm below the cut. On both sides of the 
stem, the cut caused compartmentaliza- 
tion right through to the pith; on the 
lower side, the wood below the wound 
has already been decomposed by white 
rot fungus 


1. Aug. 1992 


A Fig. 7.49. Immediate effects of pol- 
larding. Collapse of unlignified fiber cells 
and “bending” of the rays. Goat willow, 
Salix caprea (400:1). Root at 10-cm dis- 
tance from the stem 


A Fig. 7.51. Callus tissue has formed at the cut, and the wood decays. Close to the cut, 
in the year the event took place (1992), a “false ring” was formed. After the 1992 grow- 


ing season, the tissue died, and from 1993 onwards, it was grown over by callus tissue. 


The dead and scarcely lignified tissue of 1992 subsequently decomposed owing to the 


white rot fungus attack. Ash, Fraxinus excelsior (30:1). The dark coloring of the wood 


in the callus margin indicates a change in fiber direction 
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A Fig. 7.52. Changes in cell wall thick- 
ening. After the loss of the tree’s crown, 


cell wall thickening is immediately inter- 
rupted; the fiber cell walls remain thin 
(arrow). After the tissue has been reori- 
ented following the event (upper part), 
thick-walled fiber cells are formed. Ash, 
Fraxinus excelsior, stem (150:1) 


earlywood ina 


7.2.1.2 
Decapitation Beeches 


In a Coppice Wood 


In the Onsernone valley, Ticino, Switzerland, during 
the 1992 growing season, small beech stems (Fagus 
sylvatica) of 3-5-cm diameter were cut down to 
ground level. The immediate reaction was the same for 
all individuals: the cell wall growth of the living fibers 
stopped immediately (Figs. 7.56, 7.57). In one indi- 
vidual, callus tissue was formed (Figs. 7.56, 7.57); in 
another, the fibers locally contained phenolic deposits 
and tyloses in the earlywood vessels of the previous 
and the current year (1975, 1976). In some individuals, 
the medullary rays widened, and the fiber direction 
became irregular. The latter is probably a consequence 
of missing mechanical stress. A definite “false ring” 


A Fig. 7.53. Reduced growth rates after pollarding. a Mountain elm, Ulmus glabra 
(25:1) (short radius). b Sycamore, Acer pseudoplatanus (20:1). The growth reduction 
varies within each individual and between plants. Parts exposed to greater mechanical 
stress have wider tree rings. Tree rings may be absent even in ring-porous species. Cell 
wall thickening varies within the same individual. It is particularly weak in the 1992 


was formed. The sudden growth reduction was very 
variable (Fig. 7.56). 


Removal of the Whole Tree in a High Forest 


For centuries, man periodically coppiced trees. Cop- 
pice management aimed at maximum firewood pro- 
duction. The capacity to form fast-growing adventi- 
tious shoots is also due to the anastomoses present 
within the root system. The example given here is 
from a managed woodland in Birmensdorf, Switzer- 
land. Stumps of up to 50-cm-diameter beech (Fagus 
sylvatica) (Fig. 7.58), sycamore (Acer pseudoplatanus) 
and wild cherry (Prunus avium) trees were found that 
had been felled during the winter. The missing hor- 
mone supply gave rise to serious anatomical changes, 
which may be compared with those occurring in 
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A Fig. 7.54. “False ring” during the year of pollarding. Indi- A Fig. 7.55. Changed fiber direction and ray shape. Mountain 
viduals of all the species analyzed formed rectangular, radi- elm, Ulmus glabra (100:1). a In the latewood tissue, before the 
ally flattened cells after the event. Vessel arrangement and size _event (1991), the fibers run straight. b In the latewood of the 
vary. a Mountain elm, Ulmus glabra (40:1), 30cm below the “false ring” (after the event), the fibers no longer run straight 
cut. Small, mostly isolated vessels make up the ring boundary 

(arrow). b Sycamore, Acer pseudoplatanus (100:1), 30 cm below 

the wound. In the center of the 1992 tree ring, there is a ring of 

smaller cells, grouped together in a nestlike manner (arrow) 


< Fig. 7.56. Effects of 
coppicing. Fagus sylvatica. 
Ticino, Switzerland (35:1). At 
the moment of the event, cell 


< Fig. 7.57. Callus formation 
after removing the assimi- 
lating crown. Beech, Fagus 
sylvatica. Ticino, Switzer- 
land (90:1). All the possible 
consequences of the loss of 


wall thickening stops (light- 

colored ring). Compartmen- 
talization or callus tissue the stem are shown: callus, 
is rare. Over the following missing cell wall thicken- 
years, growth varies, but it is ing in fiber cells, and abrupt 


severely reduced for 2-5 years growth reduction of several 


or more years’ duration 
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stands of young pollarded trees (Sect. 7.2.1.1) or in 
the branch ends and tree stumps resulting from hedge 
cutting (Sect. 7.2.2). Characteristic for beech and syc- 
amore (Figs. 7.59, 7.60) is the thin-walled, no longer 
strictly axially oriented tissue with few pores in the 
callus margin, and the phenolic deposits in the origi- 
nal tissue. Depending on the position, the structure is, 
however, very variable. In the sycamore analyzed, the 
structures within the callus margin next to an adventi- 
tious root are very different from those in the nearby 
callus margin without a shoot. This is probably due 
to the hormone supply, which comes from the long 
shoot. 


A Broken Stem and Defoliation Due to Flooding 


The phenomenon was described by Yanosky (1983) 
for ash trees, Fraxinus americana. In ring-porous 
wood, he found additional earlywood pore rings 
in the latewood, latewood with few pores and very 
small earlywood pore rings (Schweingruber 1996). 
The effects of the natural decapitation of a tree are 
very similar to those found in pollarding, for exam- 
ple, in branch lopping (Sect. 7.2.2.1). Especially in 
the riverbeds (wash, wadi) of arid areas, trees can be 
found that were defoliated and decapitated by natu- 
ral causes. As tree rings usually do not form in these 
areas, the events are not datable, yet are very distinct 
anatomically (Fig. 7.61). This is shown in the exam- 
ple of a Eucalyptus tree. Fifty centimeters below the 
wound, the event is recognizable by a narrow zone of 
missing vessels (Fig. 7.61). 


7.2.2 
Branch Lopping in Cultural Landscapes 


Branch lopping (Fig. 7.62) is a common practice in 
the formation and management of cultural landscapes. 
It is used to provide leaf fodder, in fruit production 
(Hilkenbaumer 1953), in horticulture, for the mainte- 
nance of parkland and avenue trees (Shigo 1988), in 
the trimming of hedges used as property boundaries, 
and last but not least in the mutilation of trees to cre- 
ate bonsai plants. In fodder production, branch lop- 
ping is carried out in late summer; apart from that it 
is usually practiced during dormancy. The following 
mechanisms ensure the survival of lopped trees: 

e Along the wounded edge, barriers and adventitious 
shoots form. In this area, many quantitative and 
qualitative variations take place. The effects may be 
compared with those of tree pollarding (Sect. 7.2). 


A Fig. 7.58. Beech stump with freshly grown shoots; coppice 


shoots. Stump of a beech coppiced at ground level, 40-cm dia- 
meter, Fagus sylvatica (100:1). Vertical shoots grew out of the 
callus margin. Birmensdorf, Switzerland 


¢ In the branches and the stem, growth increment de- 
creases abruptly. In ring-porous species, a reduced 
latewood zone is particularly noticeable. This is due 
to very little mechanical stress and an almost com- 
plete lack of assimilates. 


The effects of lopping are shown here for trees in 
all cultural landscapes, as well as for trees and shrubs 
in urban areas. Shigo (1988) gave a comprehensive ac- 
count of branch lopping without, however, consider- 
ing the tree’s anatomy. 


7.2.2.1 
Branch Lopping to Provide Leaf Fodder 


One of the oldest agricultural practices is fodder pro- 
duction (Haas and Rasmussen 1993). In industrialized 
countries, it is hardly practiced anymore, whereas it is 
still an important part of animal husbandry in agricul- 
tural countries (Pandai 1982). In central and northern 
Europe, mainly ash, elm and maple, more rarely pop- 
lar, lime, oak and hornbeam were used. During late 
summer, all the leaves were pulled off the trees (defo- 
liation) or whole branches were cut off (lopping). The 
extensive destruction of the assimilation area affects 
the tree-ring formation (Schweingruber 1987; Haas 
and Schweingruber 1993). 
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A Fig. 7.59. Anatomical variability in a beech stump, Fagus sylvatica, 
created by pollarding. Birmensdorf, Switzerland. a Cross section (40:1) of 
the original stem wood (dark part) and of the callus margin (light part). 
The cut gave rise to an anatomical variation (white arrow): immediately 
after the cut, a barrier was formed in which libriform fibers are particularly 
filled with dark deposits. In the callus tissue, the cell walls are thinner; they 
are mainly parenchyma cells, and fewer, smaller pores. On the outside, the 
tissue has lost the typical stem structure. The changes in the rays are very 
distinct: at first, they widen at the indentations (black arrow) caused by 
Keilwuchs and eventually disappear by spreading out. b Tangential section 
(40:1) across the original stem wood. In the original wood at the tree’s stem 
base, the proportion of medullary rays is high. Both narrow and very wide 
rays are distinctly axially oriented. The fibers consists mainly of libriform 
fibers (c in a). c Tangential section (40:1) in the callus margin 7 years after 
pollarding (e in a). In the outer part of the callus tissue, the characteristic 
anatomical stem structure is disappearing; fiber and rays lose distinction 
(parenchymatisation) 
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tion 


again 


< Fig. 7.60. Bizarre fiber direction 
(tangential section) in an overgrown 
stump of Acer pseudoplatanus. Birmens- 
dorf, Switzerland (40:1). The callus tissue 
does not show a distinct tissue orienta- 


> Fig. 7.61. Pollarded eucalyptus stem 
(Eucalyptus sp.) of 7-cm diameter, in a 
riverbed in the arid climate of Tenant 
Creek, Australia (40:1). As tree rings do 
not form in this climate, the flooding 
event (arrow) cannot be dated. Fifty cen- 
timeters below the pollarded part. The 
event is distinguished by an area with 
few pores. Owing to the quick forma- 
tion of adventitious shoots, the hormone 
and water supply soon becomes normal 


< Fig. 7.62. Lopped Norway maple, Acer platanoides, along 

a road in Birmensdorf, Switzerland. Small trees survive the 
annual cut-back of branches, the salty wastewater, car exhausts 
as well as mechanical injuries caused by cars and snowplows, 
owing to their excellent capacity for compartmentalization 
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Lopping Ash Trees 


In the dry valley, Wallis, Switzerland, until about 1970, 
the ash trees (Fraxinus excelsior) on the irrigated 
south-facing slopes were lopped for leaf fodder at ir- 
regular intervals (Fig. 7.63). The loss of transpiration 
and assimilation areas and the formation of adventi- 
tious shoots during the year of lopping produce a tree 
ring with earlywood-like pores and larger vessels at 
the end of the ring (Figs. 7.64-7.66), a sudden growth 
reduction (Fig. 7.65), tyloses (Fig. 7.67) and little late- 
wood density (Fig. 7.68). Yanosky (1983) observed 
similar phenomena in naturally defoliated ash trees in 
an American riverbed. 


Lopping Oaks 


In the southern valleys of Switzerland (Val Campo, 
Ticino), oaks (Quercus petraea) were periodically 
lopped either to produce leaf fodder or to avoid shad- 
ing the fields (Fig. 7.69). Crown lopping does not leave 
clear signs in the tree-ring series. The density fluctua- 


tions in the latewood - with radially flat thick walls 

- are probably associated with the reduced transpiring 
leaf area (Fig. 7.70). No reduced cell wall thickening 
or an earlywood-like pore ring was observed. In the 
oaks studied, the possible anatomical consequences 
of lopping cannot be clearly distinguished from those 
caused by climatic or other local disturbances. 


7.2.2.2 
Branch Lopping of Fruit and Parkland Trees 


In parks, avenues, on woodland edges and in fruit-tree 
plantations, often large branches (Fig. 7.71), or even 
the whole tree crown, are cut off. As this operation is 
usually carried out during the winter, its consequences 
for the wood become apparent only in the following 
growing season. On the wound edges and along the 
axes of branches and stem, compartmentalization sets 
in, and the tissue begins to regenerate (Shigo 1989). 
The process gives rise to changes in color and struc- 
ture (Fig. 7.71). 


A Fig. 7.64. Lopped, 1-year-old coppice shoot at the base of 
a pollarded ash, Fraxinus excelsior. Ticino, Switzerland (20:1). 
Lopping caused the formation of a tangential pore ring in the 
latewood (arrow) 


< Fig. 7.63. Branches and branch ends of a lopped ash, Fraxi- 
nus excelsior, in Eggerberg, Wallis, Switzerland (Schweingruber 
et al. 2006) 
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< Fig. 7.65. Tree-ring series 
from a lopped ash stem 
(10.5:1). The loss of the crown 
triggered the formation of a 
tangential pore ring in the 
latewood (arrows), partly due 
to lower latewood density and 


a sudden reduction in growth 
increment 


> Fig. 7.68. Comparison of fiber cell wall thickness of normal 
and lopped ash trees, Fraxinus excelsior (400:1). The fiber in the 
latewood of a tree with an intact crown is thick-walled (a); it 

is thin-walled if the crown has been lopped (b). In years when 
lopping takes place, no secondary walls are formed (b) 


A Fig. 7.66. Tree-ring 
during normal growth, ash, 
Fraxinus excelsior (35:1). 
Early latewood density is 
high; it diminishes towards 
the tree-ring boundary. This 
causes a change in the shape 
and arrangement of the fiber 
cells (arrow) 


A Fig. 7.67. Tree-ring in the 
year of lopping, ash, Fraxinus 
excelsior (35:1). The latewood 
density is low, and there is 

a ring with earlywood-like 
vessels at the ring boundary 
(arrow) 
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< Fig. 7.69. Pollarded 
oaks, Quercus petraea, in Val 
Campo, Cerentina, Ticino, 
Switzerland. As only the side 
branches were cut, the trees 


grew up single-stemmed 


The effects of branch lopping on the xylem vary. In 
the ring-porous species Gleditsia triacanthos, after lop- 
ping, growth is suddenly reduced, and the proportion 
of latewood in the ring diminishes (Fig. 7.72). In the 
diffuse-porous beech, mainly fewer vessels and more 
parenchyma cells are formed (Fig. 7.73). 


7.2.2.3 
Hedge Cutting 


Owing to the enormous capacity shrubs have to com- 
partmentalize wounds from cuts, form adventitious 
shoots and reduce metabolism to a minimum, garden 
designers have succeeded in achieving bizarre shrub 
and tree shapes. With use of just a few random ex- 
amples, the adaptation and survival capacity of sev- 
eral-year-old, diffuse-porous and ring-porous plants 
is shown. 

Example: A box hedge (Buxus sempervirens) in a 
cottage garden in Birmensdorf, Switzerland. Low box 
hedges often surround cottage gardens. In this case, a 
single or repeated cut of this diffuse-porous species 
has suddenly reduced the growth increment (Fig. 7.74), 
and some rings are discontinuous. The cross section 
(Fig. 7.74) shows that the characteristic wood struc- 
ture of box is not significantly altered by the cut. 

Example: A barberry hedge (Berberis vulgaris) was 
planted along the roadside of the grounds of a house 


< Fig. 7.70. Intra-annual 
bands with thick-walled, 
radially flattened cells (arrow) 
in oak, Quercus petraea. Val 
Campo, Cerentina, Ticino, 
Switzerland (25:1). This phe- 
nomenon is probably caused 
by pollarding 


in Birmensdorf, Switzerland. The semi-ring-porous 
species was cut back for the first time after 3 years, and 
was cut again after 8 years. Both cuts took place after 
ring formation was complete, i.e., in the period from 
October to May. Light pruning of the top parts does 
not influence ring growth. A severe cut, however, led 
to a sudden, long-term growth reduction (Fig. 7.75). 
In this phase, in each year only earlywood vessels were 
formed in discontinuous, tangential rows, making ring 
boundaries indistinct (Fig. 7.75). As cutting occurred 
late in the year, the process of ground tissue cell wall 
thickening had already been completed. 

Example: Hazel (Corylus avellana) within a field 
hedgerow. During the winter, the fast-growing, about 
3-m-tall hazel was cut back to a height of about 1 m. 
After the cut, in the main stem of this diffuse-porous 
species (Fig. 7.76), growth decreased abruptly, and 
adventitious shoots formed along the cut margin. The 
number of sudden growth reductions suggest that sev- 
eral events of pollarding have taken place. The discon- 
tinuous rings (arrow in Fig. 7.76) may be a reaction to 
the second cut. 

Example: A blackberry hedge (Rubus fruticosus), 
planted in a garden at Birmensdorf, Switzerland. Dur- 
ing winter, this shrub was cut down to the ground. 
In the following year, adventitious shoots grew from 
the surviving stumps. As all the available energy was 
needed to produce new shoots, the growth increment 
remained minimal (Figs. 7.77, 7.78). 
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< Fig. 7.71. Acer saccharum. In this sample, 

the weakest and the strongest boundaries of the 
compartmentalization system are visible: along the 
longitudinal axis, the boundaries are weak. Dis- 
coloration (chemical barriers) and rot spread most 
along the longitudinal axis — here along the pith. The 
boundary between the branch and the callus margin 
is most distinct. On the inside, the callus tissue is 
hardly affected by microorganisms causing decom- 
position. (Material courtesy of A. Shigo) 


> Fig. 7.72. Effects of severe branch lopping 

on growth 50 cm below the cut in a ring-porous 
species, Gleditsia triacanthos, from the Botanical 
Garden, Basle, Switzerland (17:1). The tree was cut 
in the winter, which gave rise to a long-term growth 
reduction (11 years; large arrow). During the first 
growing season after the cut, an earlywood pore 
ring of normal size formed, but the fiber tissue had 
only slightly thicker cell walls. Thick-walled fibers 
are absent. The typical tangential vessel parenchyma 
bands in the latewood are also absent. Latewood 
formation returned suddenly, after 12 years (small 
arrows) (from Schweingruber et al. 2006) 


< Fig. 7.73. Effects of branch lopping on growth 20 cm below 
the cut in a diffuse-porous species. Beech, Fagus sylvatica. Bir- 
mensdorf, Switzerland. Cross section (35:1). The tree was cut in 
the winter, after a period of little growth increment (arrow). In 
the first year after the cut, the loss of buds and the transpiring 
leaves led to the formation of a tree ring without vessels, with 
an increased proportion of rays. Probably after the formation of 
adventitious shoots, vessels were formed again in the following 
rings. Even 5 years after the cut, the proportion of rays is still 
higher than before cutting 


> Fig. 7.74. Effects of pruning the top part of a 40-cm-tall box 
hedge, Buxus sempervirens, in a cottage garden. Birmensdorf, 
Switzerland (45:1). The structure of the xylem is virtually unal- 


tered after cutting; only the ring width is clearly reduced 
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< Fig. 7.75. Barberry ring 
series in a cut hedge Berberis 
vulgaris (35:1). Owing to a se- 
vere reduction in the shrub’s 
leaf area, the growth incre- 
ment diminished abruptly 
over several years (arrows). 
After a severe cut, the rings 
regained their normal width 
only after about 7-10 years 


A Fig. 7.77. Ring series in a blackberry shoot, Rubus fruticosus 
(25:1), which was cut down to ground level during the winter of 
1988. In the year following the cut (1989), growth was abruptly 
reduced and has remained minimal since 


< Fig. 7.76. Effects of pol- 
larding on hazel, Corylus avel- 
lana, on the edge of a field. 
Pollarding caused a sudden 
growth reduction and wedg- 
ing rings, but there were no 
important structural changes 
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A Fig. 7.78. Effects of the total removal of a blackberry shoot, 
Rubus fruticosus (140:1) (excerpt from Fig. 7.78). The ring that 
formed after the cut in 1990 is hardly recognizable as such 
(smaller cells in a wide ray and two rows of radially flattened 
latewood cells). In the normally formed tissue of the fiber cells, 
there are small earlywood vessels. In the following years, ves- 
sels of almost normal size form in the earlywood; the rings are 
discontinuous 
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7.3 
Defoliation Caused by Insects 


Despite the large number of leaf-eating insects, there 
has been little research on how they affect wood anat- 
omy. Defoliation of trembling aspen by forest tent 
caterpillars (Populus tremuloides) caused so-called 
white rings (Sutton and Tariff 2005). In comparison 
with unaffected rings, they are much smaller and the 
fibers have a smaller diameter and are thinner-walled. 
Gregory et al. (1986) found similar phenomena in ma- 
ples (Acer saccharum) which had been defoliated by 
Tetralopha asperatilla. 

In central Europe, shortly after deciduous trees have 
come into leaf, cockchafer larvae (Melolontha melolon- 
tha) will hatch The adult insect preferably feeds on 
young oak and beech leaves (Fig. 7.79). In the ring- 
porous oak species, the earlywood pores have already 
been formed by the time the leaves are damaged; hence, 
there is an anatomical change in the tree ring after this 
time period (Christensen 1987). The loss in timber 
yield caused by the oak moth (Tortix viridiana) was 
studied by Jiittner (1959), Varley and Gradwell (1962) 
and Varley (1978). Dendrochronological studies were 
carried out by Huber (1982) and Christensen (1987). 
For various regions of Switzerland, the development 
cycles of chockchafer were reconstructed dendrochro- 
nologically by Vogel and Keller (1998), covering the 
last 700 years. Leuschner and Schweingruber (1996) 
determined intra-annual structural variations, in par- 
ticular false rings in historical oak samples. These are 
at least in part due to cockchafer attacks (Fig. 7.80). 


7.4 
Defoliation Caused by Mammals: 
Browsing 


Wild animals have always fed on trees and shrubs, 
which may have created some local woodland clear- 
ings. However, only with the advent of their domesti- 
cation, larger woodland areas became scrub or dwarf 
shrub heath land. Tree regeneration on abandoned 
pastures has been well investigated (Sect. 5.4.3.6). 

As far as is known, the effects of browsing on the 
anatomical structure of the food plant have never 
been studied in great detail. Four examples are given 
as an illustration: 

1. Dwarf juniper on a subalpine pasture grazed by 
goats and cows in Sertig. Graubuenden, Switzer- 
land (Fig. 7.81). 

2. Larch, spruce and beech on a subalpine pasture 
heavily grazed by goats, around Mt. Salmone, Ti- 
cino, Switzerland (Figs. 7.82-7.87). 


A Fig.7.79. Male cockchafer, Melolontha melolontha. (Courtesy 
of R. Vogel) 


3. Ash, elm, wayfaring tree and red-berried elder on a 
south-facing slope, grazed by goats, at 800 m above 
sea level, in Baltschiedertal, Wallis, Switzerland 
(Figs. 7.88-7.91) 


4. Downy oak seedlings on a goat-pasture in the Ti- 


cino (Fig. 7.92). 


All these plants grow on pastures that are grazed 
several times a year. 

Wooded plants from heavily grazed sites have all 
the wood-anatomical characteristics typical of a lost 
crown, a leaning tree and stem damage. They are listed 
in Table 7.1, and are shown in Figs. 7.81-7.92). 


7.5 
Defoliation Caused by Fire 


Dendrochronological research on woodland fires is 
based on the analysis of fire scars. A large amount of 
literature exists on this topic, for example, Swetnam 
(1993) and Schweingruber (1996). The anatomical 
structure of fire scars and their callus tissue has been 
used in the intra-annual dating of woodland fires 
(Baisan and Swetnam 1990). As a result of defoliation, 
callus tissue is formed, and the tree rings are wedg- 
ing and narrow over several years (Ortloff et al. 1995). 
In deciduous tree species, defoliation also affects the 
differentiation process. Tangential pore rows and col- 
lapsed vessels are characteristic (Berli and Schwein- 
gruber 1992). 
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< Fig. 7.80. Intra-annual, tangential bands of dense fiber cells, and next to them 
rows of small pores (arrows). Oak, from beams of historical buildings (20:1). After 
an indistinct band of dense fiber cells, an area of densely distributed pores formed 
(arrows). The intra-annual banding was caused by damage to the tree crown in early 
summer. In a historical sample, it is impossible to determine with certainty whether 
the interruption in growth was caused by the cockchafer, a late frost or an early sum- 
mer drought. (Material courtesy of H. Leuschner) 


A Fig. 7.81. Growth reduction and wedging rings (arrows) on browsed Juniperus nana shrubs in the Sertigtal, Davos, Switzerland 


(100:1) 


< Fig. 7.82. Beech, Fagus sylvatica, browsed by goats, with a regenerating central 
shoot. Mt. Salmone, 1,500 m above sea level, Ticino, Switzerland 
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< Fig. 7.83. Little and irregular growth increment on shrublike, browsed larches, 
Larix decidua. Mt. Salmone, Ticino, Switzerland (10.5:1). In their first 30 years of life, 
the 50-cm-tall, rounded, shrublike larches have ring widths of less than 0.3 mm; in 
the following 21 years, the rings are about 0.5-mm wide. After 30 years, the crown 
size probably increased a little. The irregular growth is characterized by a large pro- 
portion of compression wood, very distinct sudden growth reductions (black arrows), 
bent tracheids (white arrow) and rarely by diminished earlywood cell wall growth 
(light-colored earlywood) 


< Fig. 7.84. Sudden growth reduc- 
tion after goats had heavily browsed 
the crown and bark of a young fir, Abies 
alba. Mt. Salmone, Ticino, Switzerland. 
The wound on the bark was overgrown 
by callus (25:1) 


> Fig. 7.85. Excerpt from Fig. 7.84 
(150:1). The loss of the crown gave rise 
to the formation of traumatic resin ducts 
and prevented cell wall growth in the 
latewood; hence, the tree-ring boundar- 
ies are indistinct. The “tree ring” above 
the traumatic tissue is an intra-annual 


density fluctuation 
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A Fig. 7.86. Comparison between the stem wood (a) of a 15-m-tall tree and that of 
a 60-cm-tall browsed ash (b), Fraxinus excelsior (10.5:1). In the unbrowsed specimen, 
the tree rings are 1.4-mm wide, and in the browsed plant 0.16-mm wide. The narrow- 
est ring width in the latter plant is only 0.06 mm. Browsing reduced the pore-conduct- 
ing area 60 times (Schweingruber et al. 2006) 


> Fig. 7.87. Beech tree, Fagus sylvatica, which outgrew browsing. Mt. Salmone, 
Ticino, Switzerland (10.5:1). For more than 50 years, this beech grew as a shrub, and 
was browsed annually, especially in its juvenile phase. During the first 20 years, its 
annual growth increment was only 0.1 mm (arrow). When the little tree outgrew 
browsing height, a normal crown was formed (observation) that allowed normal 
radial growth increment. In the last years shown, the ring growth was 2 mm per year. 
Small (upper arrow) and large wounds reflect bark damage caused by goats 
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A Fig. 7.88. Ash, Fraxinus excelsior, browsed by goats on a 
steep slope near Baltschieder, 800 m above sea level, Wallis, 
Switzerland. About 50 years ago, one of the main shoots was 
bent to the ground. From this, vertical shoots developed that 
probably got browsed every year. The thumb-sized shoots are 
over 30 years old 


A Fig. 7.90. Heavily browsed shoot of the wayfaring tree, Vi- 
burnum lantana. Baltschiedertal, Wallis, Switzerland. False 
rings. White arrows mark the genuine tree-ring boundaries. The 
leaf loss caused by browsing gave rise to a growth reduction that 
included the formation of a tree-ring boundary. A little “late- 
wood tree ring” formed at the same time as a second shoot, to- 
wards the end of July during the year browsing took place 


A Fig. 7.89. Heavily browsed elm shoot, Ulmus glabra. 
Baltschiedertal, Wallis, Switzerland (40:1). The first time the 
shoot was browsed, this caused a sudden growth reduction, 
and wide, differentiated latewood zones were no longer pro- 
duced. The tree rings can no longer be counted with certainty 
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A Fig. 7.91. Collapsed vessels in Viburnum lantana (200:1). In 
the latewood of the central tree ring (center), three slightly col- 
lapsed vessels are visible (arrow) 
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A Fig. 7.92. Discontinuous earlywood pore rings and wedging tree rings in heavily browsed and suppressed oaks, Quercus pubes- 
cens. Auressio, Ticino, Switzerland. a 25:1, b 90:1 (collected on May 1, 1990). The approximately 50*cm tall, single-stemmed seed- 
lings grow in tall bracken (Pteridium aquilinum), and have few leaves, which is due to browsing. Their ages cannot be determined 


with certainty (a), because the earlywood pore rings and the tangentially flattened, marginal fibers are discontinuous (b). Since the 
living conditions are bad because of shading and browsing, the wide medullary rays, which are characteristic of oak stem wood, are 
absent 


Table 7.1. Wood-anatomical characteristics of decaying woody plants 


Characteristics Figure 

Very little growth increment 7.83, 7.86, 7.89, 7.92 
Sudden growth reduction 7.86 

Sudden growth increase 7.87 

Wedging tree rings 7.81, 7.89, 7.92 
Indistinct tree-ring boundary 7.89 

Several ground tissue rows in the latewood 7.89 

»False rings* 7.90 
Discontinuous earlywood pore ring 7.92 

Missing earlywood vessels 5.38 

Small earlywood vessels 7.86b 
Collapsed vessels 7.91 

No wide medullary rays 7.92 
Disoriented arrangement of fibers 

Thin-walled ground tissue cells in the earlywood 7.86 
Thin-walled latewood tracheids 

Tyloses 

Compression wood/tension wood 7.83, 7.92a 
Injury and scar 7.84 


Traumatic resin ducts 7.85 
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7.6 
Adverse Light Conditions Eliminate 
the Assimilation Area 


7.6.1 
Leafless Beeches with a Live Cambium 
in Coppice Woods 


In the southern Alps, beeches (Fagus sylvatica) in cop- 
pice woods form many coppice shoots (Fig. 7.93). Af- 
ter coppicing, at first a dense beech thicket forms of 
which in time - in Ticino after about 50-70 years - a 
few shoots become dominant, forming a dome-shaped 
main stand. Most of the coppice shoots die. Consider- 
ing the whole ecosystem, the dying process would ap- 
pear to be continuous; the individual shoots, however, 
die very suddenly and at different times. Anatomically, 
the dying process consists of several phases. At first, 
there are one to two phases of growth reduction, which, 
however, do not give rise to any important qualitative 
changes. At this stage, the tree rings are still very dis- 
tinct. In the dying phase, one side of the stem dies, and 
the adjacent cambium on the living side starts to over- 
grow the dead part. In this phase, when the shoot was 
probably already leafless, the tissue is greatly altered 
(Fig. 7.94). Vessels are rare or absent; the radially flat- 
tened fibers form radial rows, and the medullary rays 
widen (Fig. 7.94). The latewood zones probably follow 
one another. In the terminal phase, the fibers become 
larger and are rounded in cross section. In this leafless 
phase of the shoot, the rings can no longer be distin- 
guished. See also Sect. 5.4. 

The dying tissue without vessels is an adaptation to 
the missing water flow: small leaves, no transpiration, 
no water flow, no vessels. 


7.6.2 
Dying Long Shoots on Sweet Chestnuts 


Thinning, injuries and fires often give rise to the for- 
mation of hundreds of long shoots on the stem bases 
of sweet chestnuts in coppice woods. Already in the 
first year, many 10-40-cm-long shoots die, others 
survive for some years (Fig. 7.95) and only very few 
live on and reach the crown layer. The dying process 
would seem to be endogenous, and not directly caused 
by lack of light. During the sprouting phase of the long 
shoots, longitudinal growth is remarkable, and they 
often reach 2 m length in their first year of life, and 
the rings are very wide. After a few years only very few 
leaves are still produced, and there is a sudden growth 
reduction; the ring width is reduced to a fraction of 


A Fig. 7.93. Approximately 50-year-old beech coppice in a 


coppice wood (Fagus sylvatica). Rasa, Ticino, Switzerland. The 
processes of differentiation and competitive thinning give rise 
to stems of different diameters that are, however, even-aged. The 
biggest stems will survive. Of the stems shown here, in 80 years 
only one will still be alive 


what it was, affecting especially the latewood. The im- 
pulse to reduce growth occurs in early summer; the 
earlywood pore ring does not as yet show any indi- 
cation of an imminent growth reduction. The fol- 
lowing two rings are already part of the dying phase 
(Fig. 7.95): the earlywood pore ring and the rings are 
discontinuous, the earlywood vessels are smaller than 
they were in the previous year and the proportion of 
latewood is small. The ring boundary is marked by a 
row of radially flattened cells. 


7.7 
Defoliation and Death Due to Unknown 
Pathogens 


Every plant has a limited life span. Evolution has, 
however, developed various methods to ensure the 
survival of a taxon or a population. Yet, the following 
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< Fig. 7.94. Structural changes in the tree-ring series of dying, 
leafless beeches, Fagus sylvatica. Mt. Bondone, Trentino, Italy 
(110:1). Suddenly, a zone with few or no vessels forms (arrow). 
Often, there are several thick-walled latewood zones, which 
consist of a number of rows and are radially flattened, following 
each other (a) or they are separated one from another by nota- 
bly small vessels (b). In the final phase, the thin-walled fibers 
become larger and are rounder in cross section. With the loss 
of the vessels, the medullary rays widen 


< Fig. 7.95. Tree-ring series of dead sweet chestnut long 
shoots, Castanea sativa, in a coppice wood near Vesime, Pied- 
mont, Italy (50:1). The dying process lasts 2-3 years (starting 
from the arrow). In the second and third years, the earlywood 
pores are smaller and the rings discontinuous in the preletal 


phase 
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fact remains: an individual, or parts of it, will die after 
a certain time period that is genetically determined 
and modified by ecological conditions. The time com- 
ponent of the dying process is very clear in natural 
monocultures. This process is documented here with 
an example from the Fabaceae family. 

Example :Twiggy broom (Genista radiata) shrubs at 
the bottom of a limestone rock face at Mt. Bondone, 
1,700 m above sea level, Trentino, Italy. On this rela- 
tively shaded site, the 50-70-cm-tall shoots are evenly 
distributed. Among the live population, there are sev- 
eral dead main shoots of larger shrubs and also dead 


A Fig. 7.96. Ring series of a living (a) and a dead (b) Genista 
radiata shoot (35:1). The dead individuals had reached a maxi- 
mum age of 22 years; the live individuals with stem diameters 
of similar size are generally younger (13 years old). Long-term 
phases of growth reduction prior to death were not found (a) 


individuals, which were all older plants. The maxi- 
mum life span of the species on this site is likely to be 
25 years. The dying phase, a zone with narrow rings, 
lasts 3-4 years (Fig. 7.96). That death is approaching 
can be seen on the lower side of the shoot only in the 
year of death, whereas on the upper side the signs are 
visible already 3-5 years before death (Fig. 7.97). The 
shoots die at the beginning of the growing season or 
when ring formation is complete. Age determination 
is only possible on entire cross sections. The colored 
cell deposits in all cell types (Fig. 7.97) are likely to 
have been excreted just before death. 
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A Fig. 7.97. Seasonally variable time periods of death within 
the same shoot (200:1). On the upper side of the shoot, death 
occurred after the formation of the first earlywood pores 


CHAPTER 8 


8 Modification of the Tree-Ring Structure 
Due to Destructive Agents in Wood and Bark 


8.1 

Relationship Between Causes, 
Physiological Processes and Tree-Ring 
Characteristics - an Overview 


The following anatomical characteristics can be ob- 
served after mechanical injuries or ecological distur- 
bances: 
1. Reaction of the cambium 
¢ Callus margin (Fig. 8.1a, arrow) 
¢ Sudden changes in growth increment (Fig. 8.1b) 
e Secretory ducts (Fig. 8.1a) 
« Structural changes (Fig. 8.1b, arrow): cell produc- 
tion; cell orientation (Fig. 8.1c) 
2. Reaction of living cells 
¢ Sudden interruption of cell wall growth and ligni- 
fication (Fig. 8.1b) 
¢ Cell collapse (Fig. 8.1d) 
¢ Formation of tyloses (Fig. 8.1e) 
« Secretory deposits, chemical barriers (Fig. 8.1f) 
3. Reaction within dead wood 
e Release of internal tension: radial and tangential 
cracks (Fig. 8.1g, h) 
¢ Demarcation lines induced by fungi (Fig. 8.44) 


Destructive mechanical, biological and climatic fac- 
tors in the tree crown and in the area of the cambium 
affect all tree-ring-forming processes. Anatomical 
structures are, therefore, excellent indicators for the 
reconstruction and dating of extreme environmental 
conditions in the past. Generally, there is the “cause 
and effect relationship” shown in Table 8.1. 

Most phenomena refer to compartmentalization, 
which was defined by Shigo (1988) as the formation of 
natural, structural and chemical barriers in the xylem 
after injuries, in order to prevent the distribution of air, 
fungi and bacteria (Kaennel and Schweingruber 1995). 


A Fig. 8.1. Anatomical reactions to destructive agents: an overview. a A callus margin (arrow) and traumatic secretory ducts (tan- 
gential rows of resin ducts) formed as a result of mechanical damage that had destroyed the cambium cells. Norway spruce, Picea 
abies (35:1). b Here, a sudden growth reduction and changes in the anatomical structure (reaction of the cambium; arrow), as well 
as incomplete lignification (reaction of not fully differentiated cells), reflect a sudden drop in suction due to pollarding. Wych elm, 
Ulmus glabra (100:1). ¢ Irregular cell orientation in a callus margin is the cambium’s reaction to changes in hormonal metabolism. 
Norway spruce, Picea abies (25:1). d-h see next page 
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A Fig. 8.1. (continued) d The collapse of thin-walled cells (arrow) and the radial compression of the medullary rays are conse- 
quences of a sudden pressure drop, in this case caused by pollarding, within the fully differentiated but not lignified tissue of the 
cambial area. Gray alder, Alnus incana (400:1). e Tylosis with pits in an earlywood vessel, as a reaction to a mechanical disturbance 
in the area of the cambium. Sweet chestnut, Castanea sativa (400:1). f The excretion of secretory substances — here phenolic deposits 
— is a reaction to an injury in the area of the cambium. Alpine rose, Rhododendron ferrugineum (350:1). g, h Internal tension within 
the earlywood led to a radial (g) and to a tangential (h) fissure in already existing tissue that is no longer capable of division. The 
crack triggered resin secretion (g) Norway spruce, Picea abies (35:1). (g, h Photos by P. Cherubini) 
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Table 8.1. Causes and anatomical effects 


Cause Main effect Affected physiological processes 
in cambium and xylem 

Mechanical In the area of the tree crown Cell division 

Biological In the area of the cambium Cell differentiation 

Climatic Cell orientation 
Cell wall elongation 
Cell wall thickening 

8.2 


The Reaction of the Cambium 


8.2.1 
Secretory Ducts 


8.2.1.1 
Resin Ducts 


Secretory ducts within the xylem are pipe-shaped ca- 
nals, surrounded by epithelial cells (parenchyma cells). 
They contain resin or gum (Larson 1994) and, for this 
reason, are called resin or gum ducts. 

From the middle of the nineteenth century onwards, 
secretory ducts have attracted the attention of many 
researchers, as summarized by Larson (1994). Much 
is known about their development, anatomy and net- 
work in the tree, as well as their presence in the plant 
system. Traumatic resin ducts within the xylem, in 
particular, have attracted attention. Recently, trau- 
matic resin ducts were also described in the phloem 
(Lo 1985; Yamanaka 1989; Kuroda 1998). 

Very little is known about the influence of ecologi- 
cal factors on the formation and distribution of axial 
xylem resin ducts within the tree rings. 

In conifers, resin ducts within the xylem are usu- 
ally only found in the genera Larix, Picea, Pinus and 
Pseudotsuga. In some genera, for example, in Abies, 
they occur only in the bark (Fig. 8.2). Species with 
resin ducts in the xylem tend to have them also in the 
phloem. Many other conifer genera that normally do 
not have resin ducts may, nevertheless, produce trau- 
matic resin ducts (Larson 1994). 

Resin and gum ducts and kino veins — occurring in 
some groups of Eucalyptus - originate in the cambial 
area (Fig. 8.3) and form a vertical-horizontal anasto- 
motic network (Fig. 8.4). Live epithelial cells (Fig. 8.5) 
secrete resin into the resin duct. Fully functional resin 


ducts are normally only found within the sapwood 
and are surrounded by epithelial and parenchyma 
cells. Epithelial cell wall thickness depends on the ge- 
nus, thin-walled in Pinus and thick-walled in the other 
genera (Fig. 8.6). 

The following text deals with the ecological impor- 
tance of secretory canals. Only very few dendrochro- 
nological studies determined the frequency of secre- 
tory canals for every year and related them to climatic 
parameters (Levanic 1999; Ruden 1987; Wimmer and 
Grabner 1997). 

Bannan (1936) and Hug (1979) assumed that resin 
duct formation is always triggered by irritations from 
a wound, such as the sideways tension caused by girth 
increment (Hug 1979) or extreme disturbances of the 
cambium due to mechanical reasons or weather condi- 
tions. The value of resin ducts as ecological indicators 
is often site-dependent. In high-altitude spruce trees in 
Germany, Wimmer and Grabner (1997) determined a 
positive relationship between annual resin duct fre- 
quency and high June to August temperatures. On 
the other hand, Wimmer and Strumia (1998) found a 
relationship between Austrian pine resin ducts (Pinus 
nigra) and summer precipitation on dry sites in Bur- 
genland, Austria. This was, however, not confirmed by 
Levanic (1999) for Austrian pine in Slovenia. In trees 
that habitually form resin ducts, these ducts produce 
an excretion and defense system that may be intensi- 
fied, and generally modified, on demand. Therefore, all 
transitions between so-called normal and traumatic 
rows of resin ducts and resin pockets are present. A 
sudden event triggers the formation of resin duct rows 
of different densities at different times. 

From a dendrochronological point of view, the po- 
sition and frequency of resin ducts within a tree ring 
are important (Figs. 8.7-8.12). I observed increased 
resin duct frequency after soil drainage, after defolia- 
tion by insects (Choristoneura sp.), during fungal at- 
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A Fig. 8.3. Resin duct formation. In the area of the cambium, schizogenic hollows 
formed, which developed into a resin duct (Kuroda 1998). The ducts are surrounded 
by excretion cells (with nuclei) and parenchyma cells. C.J. cambium initials, X.M. xy- 
lem mother cells 


< Fig. 8.2. Resin ducts in the bark of silver fir, Abies alba (25:1). In the genus Abies, 
resin ducts only occur in the outer parenchymatous part of the bark. The relatively 
small ducts are surrounded by two or three rows of epithelial cells 
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A Fig. 8.4. Anastomosis between an 4 Fig. 8.5. A resin duct surrounded by live cells in Cembran pine, Pinus cembra 

axial and a vertical resin duct in Pinus  (160:1). The hollow contains very thin walled cells with weakly colored nuclei. The ac- 

ponderosa (160:1) tual duct is surrounded by thin-walled parenchyma cells with distinctly colored nuclei. 
The resin duct parenchyma cells of the upper duct are connected to the medullary ray 
parenchyma cells 
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< Fig. 8.6. Different resin ducts in two 
conifer genera. a The dark-colored epi- 
thelial cells almost fill up the entire duct. 
On the side, they are flanked by thin- 
walled parenchyma cells. This resin duct 
type is characteristic of the genus Pinus. 
Cembran pine, Pinus cembra (140:1). 

b Two resin ducts with thick-walled, 
round epithelial cells and rectangular 


en 


parenchyma cells. Larch, Larix decidua 
(250:1) 
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< Fig. 8.7. Different resin duct 
frequency. a Low frequency. There 

is no connection between resin duct 
frequency, earlywood and latewood 
widths or tree-ring width before and 
after the sudden growth increment. 
Siberian larch, Larix sibirica. Norilsk, 
Russia (20:1). b High frequency in the 
latewood, low frequency in the early- 
wood. Cembran pine, Pinus cembra. 
Young plant at the upper timberline near 
Davos, Switzerland (12.5:1) 
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A Fig. 8.8. The location of various resin ducts in tree rings. Cembran pine, Pinus cembra, 40-year-old tree at the upper timberline 
in Engadine, Switzerland. a The resin ducts formed at different times during the growing season (40:1). Lowest ring: at the end of 
a not very dense latewood zone, about mid-August. Central ring: in dense latewood, in the middle of the ring, immediately after 
a density fluctuation. Uppermost ring: in the middle of the ring, on the distinct earlywood-latewood boundary. b The resin duct 
formed contemporarily with the last latewood cells (100:1). ¢ After the ring had been completed, probably in late autumn, the cam- 
bium was reactivated locally, and around the resin duct a second latewood formed. Cembran pine, Pinus cembra. Graft (40:1) 
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A Fig. 8.9. Location and frequency of probably traumatic, tangential rows of resin ducts. a Very dense row right at the beginning 
of the ring. The thick-walled cells that surround each resin duct are filled with phenolic substances. Silver fir, Abies alba, callus 
margin on a shoot. Emmental, Switzerland (100:1). b Row in the middle of the ring. Large ducts are arranged close to each other 
in the middle of the earlywood zone. Dahurian larch, Larix dahurica. Yakutsk, Yakutia, Russia (20:1). c Row at the end of the ring. 
Small ducts with large, thick-walled epithelial cells are found right at the end of the latewood zone. Larix decidua, stem. Engadine, 
Switzerland (100:1) 


A Fig. 8.10. The shape of traumatic resin ducts. a Mixture of callus and resin duct. The tangential row of anomalous cells is partly 
filled with resin, and on one side (arrow) is a large hollow that could be the initial point of a resin duct. Scots pine, Pinus sylvestris, 
about 2 cm above a woodpecker hole in the stem. Hohtenn, Wallis, Switzerland (90:1). b Initial point of resin ducts. Textbook- 
like schizogenic hollows, which are surrounded by parenchyma cells (Fig. 8.3). Abies grandis, callus margin on a stump. Ticino, 
Switzerland (250:1) 


8.2 The Reaction of the Cambium 185 


A Fig. 8.11. Resin ducts in relation to other tree-ring charac- 


teristics. Tangential rows in the earlywood and latewood. In two 
successive years, a woodpecker triggered resin duct formation. 
In the first year (lower row), large, mostly not fully developed 
ducts formed, which take up the whole earlywood zone. The 
latewood zone consists of only one row of tracheids. In the sec- 
ond year (upper row), the woodpecker came after the earlywood 
formation. Small, also mainly not fully differentiated resin ducts 
formed in the latewood. Dahurian larch, Larix dahurica, wood- 
pecker ring in the stem. Moma, Yakutia, Russia (100:1) 


tacks (Armillaria sp.), in necroses and lumps, in me- 
chanically stressed individuals (snow creeping), and 
in the vicinity of all kinds of injuries, for example, due 
to fire, falling rocks, hailstones, grafting, lopping and 
pollarding. 

Since the formation of resin ducts is often not an 
immediate reaction to disturbance, the position of tan- 
gential rows of resin ducts cannot be used for precise 
intra-annual dating of events (I. Heinrich, H. Gartner 
in press) (Fig. 8.48). 

Resin ducts may be classified according to the cri- 
teria Table 8.2, marked as signatures and inserted into 
skeleton plots. 


8.2.1.2 
Gum Ducts in Deciduous Wood 


Gum ducts are common in the xylem of deciduous 
wood. Carlquist (2001) listed 23 families in which “ra- 
dial canals” and six families where “vertical canals” are 
obligatory. In the Tiliaceae and Anacardiaceae fami- 
lies, gum ducts also occur in the pith (Fig. 8.13). Ac- 


A Fig. 8.12. Abnormal “resin ducts” In the callus margin of a 
Juniperus nana twig, killed by black snow-mold fungus, Herpo- 
trichia juniperi, there is a row of tangential ducts without epithe- 
lial cells in the latewood. The event stopped cell wall thickening 
and gave rise to the duct formation. The twig died afterwards. 
Dwarf juniper, Juniperus nana. Davos, Switzerland (100:1) 


cording to Larson (1994), trees that habitually form 
gum ducts also form traumatic ones. They are very 
common in the families of Anacardiaceae, Diptero- 
carpaceae, Hamameliaceae, Rutaceae and Legumi- 
nosae. Gum ducts are also facultative, especially in 
Prunoideae and Rosaceae. They may be triggered by 
microorganisms, insect bites or injuries (Subrahman- 
yam and Shah 1988). 

Figures 8.14-8.17 illustrate traumatic gum ducts in 
the families Anacardiaceae, Myrtaceae and Rosaceae. 
They form in the callus margin of injuries (Fig. 8.17a), 
and in regenerating tissue or in tissue subject to stress, 
for example, on the compression side of fallen stems, 
in fungus-infested branches or in pollarded stems. 
Usually, the ducts are arranged in tangential rows. 
They are surrounded by one or more rows of paren- 
chymatic, gum-secreting cells. In phytopathology, the 
term “gummosis” was, therefore, coined. 

The frequency of traumatic gum ducts is species- 
dependent. In central Europe, they are often found 
in Prunus mahaleb, more rarely in Prunus avium and 
very rarely in Prunus padus. According to Baas et al. 
(1984), they occur in dwarf individuals of Prunus 
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Table 8.2. Wood-anatomical characteristics of decaying woody plants 


Characteristics of resin ducts Shown in Figs. 
Position within the tree 
In the normal stem wood and in the 8.la 
callus margin on the side of a wound 
Position within the tree ring 
Mainly in the latewood In the normal latewood zone 8.7a, 8.9 


In indentations into the next earlywood —8.8c 
Mainly in the earlywood Right at the beginning 8.9a 
In the earlywood zone 8.9b 


Arrangement and frequency per square millimeter tree-ring area 


Single Rare 8.7b 
Dense 8.7a 

Tangential rows Loose 
Dense 8.9 

Duct shape 

»Normal size“ throughout the tree 8.7, 8.8 

ring 

Very much enlarged, like a resin Bottom tree ring 

pocket 

Small, partly filled with epithelial cells 8.9c 

Rudimentary form 8.10 
Ring prior to death 8.12 
Calluslike 8.10a 


A Fig. 8.13. Secretory ducts within the pith. Grewia bicolor, A Fig. 8.14. Kino vein in Eucalyptus pauciflora (2:1). Owing to 
Tiliaceae. Sahel zone (40:1). (Courtesy of K. Neumann) cell pressure, the ducts widened to become pockets. This kino 
vein is a reaction to a fire injury. (Material courtesy of J. Banks) 
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< Fig. 8.15. Kino vein in Eucalyptus 
pauciflora. Ducts in the earlywood 
(20:1). The ducts are of different size and 
occur anywhere within the tree ring, 
depending on the time when the injury 
took place. The large duct is surrounded 
by several rows of parenchymatous 
excretion cells 


> Fig. 8.16. Tangential rows of gum 
ducts in Prunus species. The ducts are 
located in the normal xylem tissue. The 
traumatic gum ducts are arranged in 
tangential rows anywhere within the 
tree ring. Normal cell structure is not 
really adversely affected by the ducts. St. 
Lucie cherry, Prunus mahaleb, infested 
with a mucus-secreting fungus. Wallis, 


Switzerland (30:1) 


mume. The mainly round ducts are connected with 
tissue damage. 

Gum ducts and kino veins are very common in 
some species of Eucalyptus (Myrtaceae) and, because 
they reduce the timber value, have often been dealt 
with in silvicultural and wood-anatomical literature, 
for example, in Hillis (1987) and Tippett (1986). Their 
shape ranges from small, round ducts (Fig. 8.16), to 
irregular 1-mm large ducts, to pocketlike caverns 
(Fig. 8.14). In dendrochronological studies, gum ducts 
and kino veins have never been considered. 


< Fig. 8.17. Gum ducts in the callus 
margin of pollarded Prunus stems. 

a Gum ducts in a wild cherry branch, 
Prunus avium. Oggio, Ticino, Switzer- 


land (100:1). The traumatic zone consists 
mainly of axial and radial parenchyma 
cells; pores are generally absent. 

b Traumatic gum ducts in the wound 

of a pollarded bird cherry stem, Prunus 
padus. Birmensdorf, Switzerland (150:1). 
Even after severe injuries, Prunus padus 
rarely forms traumatic gum ducts 


8.2.2 
Resin Pockets (Pitch Pockets) 


Resin pockets in conifers are openings that run par- 
allel to the tree rings, and are filled with resin from 
normal or traumatic resin ducts. Larson (1994) sum- 
marized the present state of knowledge. 

Along the cracks, in the area of live cells, especially 
medullary rays are reactivated for division (Fig. 8.18). 
In a limited way, tracheids are also capable of division. 
Often the openings are filled completely with wound 
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A Fig. 8.18. Resin pockets in the earlywood of conifers. Scots 
pine stem, Pinus sylvestris. Ausserberg, Wallis, Switzerland 
(12.5:1). The tangential cracks that widened due to resin pres- 
sure, and are filled with resin, are surrounded by callus cells. 
In the absence of resin pressure, a tangential crack remained. 
Morphologically, this is a transition between callus zone and 
resin pocket. Note the lack of tracheid cell wall thickening on 
the centripetal side 


tissue cells (Lo 1985). These cracks widen owing to 
resin pressure (Fig. 8.18). Mechanical stress, probably 
mainly from bent stems during strong winds in the 
growing season, is the main cause of resin pocket for- 
mation (Frey-Wyssling 1938). As resin pockets origi- 
nate within live tissue (sapwood), and probably close 
to the cambium, the moment of their formation can 
be dated dendrochronologically. 


8.2.3 
Callus Tissue 


Callus tissue is an assemblage of parenchymatous 
cells, capable of division and without any well-defined 
shape, in the area of injuries (Kiister 1925). Bangerter 
(1984) and Larson (1994) found a wide range of lit- 
erature on callus formation. Callus cells are usually 
about as broad as long, but individuals may differ a 
lot (being crumpled to boxlike). According to Sachs 
(1991), callus tissue occurs in a (normal) interruption 
within oriented tissue, but it is also able to exert an 
(hormonal) influence on neighboring tissue. Particu- 


larly injuries trigger an abnormal increase in growth 
(hypertrophy) and an abnormally increased multipli- 
cation of cells (hyperplasia; Fig. 8.19). Callus tissue 
originates from axial xylem (Figs. 8.20, 8.21), fully dif- 
ferentiated longitudinal parenchyma cells, xylem and 
bast ray cells (Figs. 8.21, 8.22), as well as resin duct 
cells (Fig. 8.22). All living parenchyma cells are able 
to regenerate and differentiate to axial and vertical tis- 
sues (Fig. 8.23) Callus formation would not appear to 
have a noticeable effect on plant growth, or at least on 
radial growth. Usually, tree rings with callus tissue are 
not smaller than those without. 

From a dendrochronological point of view, the fact 
that injured cells are capable of division is important, 
because this renders the triggering event datable: ex- 
actly to the year in the area of the cambium, and less 
precisely in the sapwood (Fig. 8.24). Several experi- 
ments during which the cambium was slightly injured 
by needles (pinning method) confirm this. Kuroda 
(1986) found that the injured area close to the cambium 
triggers intensive callus formation along radial cracks. 
Injuries of the rays, however, are only datable if there is 
callus formation in the surrounding axial tissue. 

The shape and location of callus tissue in the xy- 
lem indicate cause and severity of the injury, whereas 
the morphological variability permits assumptions re- 
garding the plant's vitality (Fig. 8.24). 


8.2.4 
Wound Closure 


The physiological separation of wounds from healthy 
parts of the tree, and the formation of barrier zones, 
probably evolved with the colonization of the land 
by plants. The first definite indication of callus for- 
mation refers to Antarctic conifers from the Trias 
(about 150 million years ago; Putz and Taylor 1996). 
Pteridophytes, for example, tree ferns, gymnosperms, 
monocotyledons (Weiner and Liese 1997) and dicoty- 
ledons, produce chemical barriers. Mechanical wound 
closure, ie., callus formation, only occurs in species 
with secondary thickening. This has been described 
in detail for conifers and dicotyledons (Fig. 8.25). The 
ideal wound closure process in an open conifer wound 
(larch and spruce) was described by Bangerter (1984). 
Hardly any attention has so far been paid to species 
with successive cambia (Fig. 8.26). Glerum and Farrar 
(1966) determined that, in species with “normal” sec- 
ondary thickening, the parenchyma cells can take over 
the function of the cambium (Fig. 8.27b). All taxa and 
growth types with secondary thickening form barrier 
zones over wounds (Fig. 8.28a). 
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A Fig. 8.19. Different reactions to a mechanical irritation of wounds. a An injury slightly disrupted the differentiation process. The 
radial cell arrangement was hardly affected, as only some tracheids changed into calluslike thick-walled cells (tracheoids). Scots 
pine, Pinus sylvestris, woodpecker ring. Wallis, Switzerland (250:1). b A severe blow from a hailstone gave rise to intensive ray-borne 
(arrow) and cambium-borne callus cell formation. The cell walls are notably thin. Hypertrophy and hyperplasia lasted only a short 
time. The cell marked by two arrows is not only abnormally shaped, but it has also abnormal pits. Mountain pine, Pinus mugo, hail- 
stone wound. Rossberg, Schwyz, Switzerland (400:1) 


A Fig. 8.20. Callus cells between a resin pocket and normal xylem tissue. Norway spruce, Picea abies, pot-grown plant (90:1). 
When a tangential crack forms in an area of live cells, mainly the rays form callus cells. In a, the opening is filled with callus cells 
from the ray on the right. In b, the broken ends of uniseriate rays have formed callus cells (arrows). Also in b, a mixture of tracheids 
and parenchymatous callus cells (tracheoids) originated from the tracheids. Some irregularly shaped cells have deformed bordered 
pits (arrow), others have simple pits 
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< Fig. 8.21. Longitudinal section of callus tissue originat- 

ing from the cambium and rays. Green alder, Alnus viridis, 

pith fleck. Ticino, Switzerland (160:1). Cambium cells and ray 
cells (arrows) form callus tissue. The cambium cells reacted 
immediately to the event. By contrast, the ray cells remained in 
their original mode for a while, before they also started to form 
callus cells. The ray cells returned to their original status before 
the cambium-borne callus cells were able to do so. The alder 
reacted to an injury in the latewood, caused by insects, with the 
formation of thick-walled callus cells 


> Fig. 8.22. Callus tissue in a radial and a tangential crack. 
Mountain avens, Dryas octopetala (Rosaceae). Wind-exposed 
ridge of the alpine belt at 2,700 m above sea level. Julier Pass, 
Switzerland (40:1) 


A Fig. 8.23. Ray-borne callus tissue. a Nothofagus pumilio, near the upper timberline in southern Chile (100:1). Intra-annual 
cracks at the beginning of the earlywood. b The radial cracks filled with callus tissue and widened due to cell pressure. Tangential 
section through larch wood, Larix decidua. Stillberg, Davos, Switzerland (100:1). ¢ Interannual radial crack. Dahurian larch, Larix 
dahurica. Yakutia, Russia (90:1). In all cases, the rays widened owing to increased cell pressure in the callus tissue. (a Material cour- 
tesy of A. Vogel) 
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Normal conditions are returning. 
Locally, there are normal ground 


undifferentiated ground tissue 
with rectangular cells (3) 


callous tissue with an abnormal, 
round shape (2) 


collapsed cells (1) 


A Fig. 8.24. Various differentiation processes from callus tissue 
to normal tissue. a Galleries caused by Agromycidae (fly larvae) 
make cells collapse (1). This proves that the insect larvae were 
active in the area of the cambium. Regeneration begins with the 
formation of callus tissue (2); the differentiation phase starts 
with a zone without vessels that consists of rectangular paren- 
chyma cells (3), and finishes with a normal phase (4). Green 
alder, Alnus viridis, pith fleck. Ticino, Switzerland (250:1). 
b A severe mechanical injury at the beginning of the earlywood 
formation (unthickened cell walls) separated the cambium from 
the xylem. The regeneration process goes from thin-walled and 
round to flattened, round and thick-walled callus cells. The dif- 
ferentiation process finished only at the end of the second year. 
Along the side of the injury, traumatic resin ducts were formed. 
Norway spruce, Picea abies, suppressed plant in a subalpine 
spruce wood. Paneveggio, Trentino, Italy (40:1). ¢ A tangential 
crack, which had formed at the end of the latewood formation, 
was filled with callus tissue from both ends. Owing to the sud- 
den outbreak of winter, the cell walls were not lignified. Dwarf 
juniper, Juniperus nana. Upper timberline, Davos, Switzerland 
(160:1) 


> Fig. 8.25. Enlarged aspect of a “typical” wound and wound 
closure. The dark part is being decomposed by hyphae and in- 
sects. Downy oak, Quercus pubescens 
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A Fig. 8.26. Phloem-borne initial point of tissue regeneration. 
The growth type with regular xylem/phloem formation did not 
produce callus tissue to cover the two wounds, both of which 
are in the phloem. From the live phloem on the side, a new xy- 
lem formed. Dicrastylis sp., Verbanaceae. Alice Springs, North- 
ern Territory, Australia (40:1) 


A Fig. 8.27. Tangential hollows, running parallel to the tree 


rings, were caused by corrasion. a The wound that is invisible 
from the outside was probably caused by rock fall, at the be- 
ginning of that year’s tree-ring formation. Locally, two rows of 
earlywood cells are still recognizable. After initial strong callus 
formation, the orientation of the fibers changed, and the xylem 
structure became normal again. The injury stimulated growth. 
Norway spruce, Picea abies. Heavily suppressed plant in a sub- 
alpine spruce wood. Paneveggio, Trentino, Italy (30:1). b Clo- 
sure of a hole in the tissue above an injury to bark and cambium 


caused by a sap-sucking opossum. Eucalyptus sp. Sydney, New 
South Wales, Australia (30:1). Above the injury, the cambium 
reacted by forming parenchymatous tissue (arrow), and after- 
wards normal bark was produced. Strangely enough, a reorien- 
tation occurred after that: the bark tissue became xylem tissue 
(two arrows) 
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A Fig. 8.28. Typical barrier zone formation. The injured area forms chemical barriers, radially and tangentially. The tissue near the 


injured cambium is decomposed by fungi. The wound is overgrown by callus tissue from its margins. The new tissue is protected 


against fungal infections transmitted by the underlying tissue. a After 5 years, the wound is closed. The callus margin did not anas- 


tomose. Alpine rose, Rhododendron ferrugineum. Ticino, Switzerland (30:1). b The wound occurred 6 years previously, during the 


growing season. Olearia phlogopapa (Compositae). Alice Springs, Northern Territory, Australia (35:1) 


According to recent studies, barrier zones mainly 
originate in the xylem (Fig. 8.29), more rarely in the 
phloem (Fig. 8.26) or in the uninjured cambium. In 
the xylem, the radially and vertically oriented paren- 
chyma cells are capable of division (Fig. 8.29). The 
new tissue belongs to the xylem, which, as soon as cal- 
lus formation starts, differentiates into a xylem/cam- 
bium/phloem/periderm coating (Fig. 8.30). 

Injuries to the cambium stimulate differentiation 
on wound margins. In angiosperms, usually a paren- 
chymatous zone of several layers and without pores 
is formed that, however, soon develops into normal 
xylem. 

Wound closure has attracted in particular the in- 
terest of wood biologists. Larson (1994) summarized 
the state of knowledge regarding the biology of callus 
formation that accumulated over the past 150 years. 
More recently, Mattheck and Kubler(1995) pointed 
out the relationship between the shape of callus marg- 
ins and the mechanical stress on meristems in the 
wound area. Shigo (1989) put callus formation into 
a wider context: after injuries, compartmentalization 
is expressed by the formation of barrier zones that 
develop along predetermined boundaries (Fig. 8.28). 
Shigo (1988) coined the following definition, “A bar- 
rier zone is a protective tissue, consisting of unique 
cells and formed by the live tree cambium, in response 


to mechanical wounding or infection, or both” In 
modern tree management, the scientific background 
of wound closure has achieved practical importance. 
Shigo (1988) propagated the professional cutting of 
branches by pointing out the vulnerability of branch 
collars, i.e., the callus margins of dead branches. 

The dendrochronologist is interested in dating inju- 
ries in an ecological context. This includes, for exam- 
ple, the dating of forest fires, floods, avalanches, rock 
fall, soil movements and zoological as well as anthro- 
pological influences (Schweingruber 1996). Injuries 
of plants with real tree rings may be dated to the year, 
and often to the season (Figs. 8.30a, b). On the basis 
of artificially induced injuries with needles or micro- 
drills, the intra-annual radial growth rate may be de- 
termined (Wolter 1968). See also Sect. 8.6.4. In the fol- 
lowing, only those phenomena are described that are 
important for dendrochronology. 

A cambium injury has immediate consequences: 
the cells closest to the wound collapse, and normal 
physiological processes are interrupted. After that, a 
phase of parenchymatization (Fig. 8.29) follows, dur- 
ing which zones without vessels originate from purely 
parenchymatous, regularly or irregularly shaped (cal- 
lus) cells (Fig. 8.29). During the following phase of 
accelerated growth (callus formation), differentiation 
also becomes normal again (Figs. 8.26, 8.29). 
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A Fig. 8.29. Xylem-borne, parenchy- 
matous initial points of callus tissue 
(100:1). Tropical liana, Cairns, Austra- 
lia. The regeneration originated in axial 
parenchyma and ray cells. Thin-walled 
cells that are rectangular in cross section 
were formed. Growth accelerated and 
its orientation changed, which did not, 
however, give rise to any relevant tissue 
restructuring 


8.2.4.1 
Hidden Cambium Injuries 
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A Fig. 8.30. Barrier zone formation in various taxonomic types. a Gymnospermae. 
Three hailstone injuries with different regeneration. The first injury affected about half 
of the 2-mm-thick twig (without bark). Despite increased growth, callus tissue formed 
only in the first year after the injury, and the wound remained open. The second injury 
damaged the active cambium and gave rise to a callus margin that remained active 
for 6 years. The third injury caused a hidden wound. The first and the third injury oc- 
curred at the beginning, the second during the growing season. Mountain pine, Pinus 
mugo, Pinaceae. Rossberg, Schwyz, Switzerland (20:1). b Angiospermae, dicotyledons 
with “normal” secondary thickening. Hailstone damage on the topside of a fallen stem. 
At the injured point, growth was very much stimulated, and from the second year 
onwards, a strong callus margin formed. The xylem tissue within the callus margin is 
nearly without pores; it consists almost exclusively of fiber. The injury occurred at the 
beginning of the earlywood formation. Green alder, Alnus viridis, Betulaceae. Upper 
timberline in the Maggia Valley, Switzerland (40:1) 


8.2.4.2 
Open Cambium Injuries 


Cambium injuries cause split-shaped hollows that run 
parallel to the tree rings, whose inner side consists of 
normally formed stem tissue and whose outer side is 
made of callus tissue (Fig. 8.27a). Severe pressure, for 
example, caused by a hammer blow, a hailstone or a 
falling branch, may crush the cambium; or great heat 
during forest fires may damage it physiologically, and 
a wound forms that is not open to the outside. The re- 
generation process follows the previously mentioned 
principles (Fig. 8.27a); it is not rare, however, to find 
single cases with many variations that are often diffi- 
cult to explain (Fig. 8.27.b). 


Open wounds result from mechanical injuries, but 
often also from locally insufficient water and nutrient 
supplies. The most well-known example is the very old 
Pinus longaeva trees from southwest North America, 
which have bark only on one side. Under good grow- 
ing conditions, callus tissue is formed (Fig. 8.28a); in 
bad conditions, continuously wedging zones develop. 
The latter lead to stems with a local cambium (strip 
bark, Fig. 8.31a). The regeneration capacity seems to 
be unlimited, as long as the formation of chemical 
barriers works (Fig. 8.27). 
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A Fig. 8.31. Wedge-shaped callus tissue (strip bark). a Species with normal secondary thickening. The one-sided growth originated 


from a wound, and the plant continued to grow on one side only. The little strip-bark stem formed owing to many consecutive 


wedging rings. Heart-shaped globularia, Globularia cordifolia (Globulariaceae). South-facing slope on Lake Walen, Switzerland 


(40:1). b Species with included phloem (successive cambia). Suaeda vera. Lagoon, Algarve, Portugal (100:1) 


8.3 
The Reaction of Live, Differentiating Cells 


Cell collapse is common in the xylem, but in den- 
drochronological literature it has been considered 
indirectly in connection with frost rings (Lenz 1967; 
LaMarche and Hirschboeck 1984; Stahle 1990). How 
cells collapse and the anatomical details were men- 
tioned and partly described by Larson (1994). The 
causes of cell collapse during the growing season are 
controversial: usually, cell collapse attributed to late 
frost. Glerum and Farrar (1996) assumed that during 
water loss the cells are squeezed owing to bark com- 
pression. Oertli (1993) supposed that with insufficient 
water supply cells collapse centripetally because of 


Fig. 8.32. The shape of collapsed conifer tracheids. a During 
earlywood formation, the cell wall growth on the stem was lo- 
cally interrupted, and the thin-walled cells collapsed. Juniperus 
deppeana, near the lower, dry timberline, Mt. Chiricahua, 
Arizona, USA (400:1). b All the latewood cells are slightly 
deformed. When the little tree was felled, the unlignified cells 
collapsed because of missing cell pressure and bark compres- 
sion. Cembran pine, Pinus cembra. Davos, Switzerland (250:1) 


negative pressure. Grace (1994) confirmed this and 

wrote, “As the water comes under tension, cell walls 

are drawn in, comparable to a drinking straw that is 

sucked too enthusiastically” (Fig. 8.32). On the ba- 

sis of many observations, St6ckli and Schweingruber 

(1996b) considered the latter interpretation to be the 

most likely. I have observed cell collapse in the follow- 

ing ecological contexts: 

¢ In unlignified xylem, under the waney edge, in a 
specimen with bark that had been cut during the 
growing season (Fig. 8.32b) 

e At the beginning of frost and lightning rings 
(Fig. 8.33) 

¢ In injuries caused at the beginning of the tree-ring 
formation (Fig. 8.34), for example, by hailstones, 
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A Fig. 8.33. Location and size of the collapsed zone within the tree ring. a Cembran pine, Pinus cembra. Young plant at the upper 
timberline, Davos, Switzerland (100:1). Cell collapse at the beginning of the earlywood formation. In early July, a short late frost 
probably interrupted the sap flow. One or two rows of cells were completely squashed. The tissue reacted to the wound with the 
formation of phenolic matter (dark deposits) and induced callus formation. b Bristlecone pine, Pinus longaeva. Old tree at the upper 
timberline, White Mountains, California, USA (160:1). Cell deformations in the latewood. The event affected approximately the last 
third of the tree ring. It may be assumed that, during a long summer drought, the cell walls were unable to thicken, and finally col- 
lapsed centripetally under increased water tension 


A Fig. 8.34. The shape of collapsed vessels. a The area of the cambium was probably injured locally, at the beginning of tree-ring 
growth, by falling neighboring stems. The expanding earlywood tracheids collapsed, and after that callus tissue was formed for a 
short while. Ash, Fraxinus excelsior, below a mechanical injury that is visible on the bark. Biasca, Ticino, Switzerland (75:1). b Col- 
lapsed vessels in a false ring at the end of the tree ring. After the tree ring was complete, there was another, short-term, growing 
phase (narrow growth zone) that was suddenly interrupted, probably because of a late summer drought. At first, the vessels and a 
few fibers collapsed. Gray alder, Alnus incana, on shallow gravel in the Maggia’s riverbed, near Cevio, Ticino, Switzerland (150:1). 
(Material courtesy of M. Bayard) 
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branch lopping (Fig. 8.35a) and insects (e.g., cam- 
bium miners) after transplanting, if the fine root 
system was lost 

¢ After artificially induced defoliation (browsing, 
branch lopping and pollarding) 

« Owing to severe honey fungus or Herpotrichia in- 
festations (Fig. 8.12) 

« During extreme summer droughts (Figs. 8.35b) 

¢ In woodpecker wounds 


Virtually all tissue elements may be affected by 
cell collapse. Vessels (Fig. 8.34) and fibers (Figs. 8.32, 
8.34) that collapsed more or less severely, as well as 
deformed rays (Fig. 8.36) were observed. Especially 
cells with little-thickened walls are subject to collapse 
(Fig. 8.32). Tangential rows, or zones with collapsed 
cells, may form in all locations, from the earlywood to 
the latewood (Fig. 8.33), and are often accompanied 
by a reorientation of the tissue, for example, of the 
rays (Fig. 8.36). The cell collapses in Pinus longaeva, 
which occur mainly in the latewood, may be caused 
by drought, but also by an early frost (LaMarche and 
Hirschboeck 1984; Fig. 8.33b). Sometimes, completely 
collapsed cells or neighboring microcracks con- 
tain substances that were dyed dark red by safranin 
(Figs. 8.33a, 8.36a). The reasons for collapsed cell rows 
are not immediately clear. The position of collapsed 


rows within the tree ring is easily identified (Fig. 8.33), 
thus giving important indications as to the possible 
cause, for example, such as a late or an early frost, or 
drought. Ecological contexts are important for further 
explanations. 


8.4 
The Reaction of Fully Differentiated Cells 


8.4.1 
Tylosis 


Tyloses represent a protection of disrupted sap flow in 
vessels against negative outside influences. Ziircher et 
al. (1985) defined them as follows: 

A tylosis is a growth from a neighbouring wood 
ray cell or, more rarely, a parenchyma cell through the 
pit of a vessel wall, which causes the partial or entire 
obstruction of the vessel lumen. Tyloses may occur in 
small numbers or, due to division, they may be numer- 
ous, thin-walled or thick-walled, with pits or without. 
They may contain starch, crystals, resin or gum. 

Usually, tyloses form in the transition area between 
heartwood and sapwood. Traumatic tyloses, however, 
form after injuries or fungal attacks, owing to an in- 
creased pressure on the vessels. They may also be pro- 


A Fig. 8.35. The shape of collapsed fibers and rays in deciduous wood. a Goats willow, Salix caprea. Root of a pollarded shrub in 
a conifer plantation. Birmensdorf, Switzerland (225:1). At the beginning of the latewood formation in the 1992 ring, all around the 


stem, two to four rows of unthickened libriform fibers more or less collapsed. The axial parenchyma cells (arrow) and the rays did 


not collapse. b Ash, Fraxinus excelsior. Young tree on permeable river gravel along the Ticino, near Biasca, Switzerland (225:1). In 


the middle of the earlywood, three to eight ground tissue rows collapse. As the collapse around the stem is noted in many samples, 


it is assumed that it was caused by the extreme spring and summer drought of 1976 
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A Fig. 8.36. Short-term disorientation of the radial cell arrangement in conifers. A tracheid collapse is always connected with more 
or less distinct bending of the tissue structure. One-sided bark pressure may be the cause. a Cembran pine, Pinus cembra. Young 
plant at the upper timberline, Davos, Switzerland (160:1). Owing to the collapse at the beginning of the tree-ring formation, the rays 
were at first bent towards the left. Growth then continued on the right, but already during the earlywood formation it took on its 
normal, radial direction again. b Bristlecone pine, Pinus longaeva. Tree at the upper timberline in the White Mountains in Califor- 
nia, USA (250:1). Owing to the collapse at the end of the tree-ring formation, the tissue was slightly bent and radially compressed. 
During the following growing season, growth continued as usual, in a radial direction. (Material courtesy of C. Baisan) 


duced soon after a tree has been felled (Ziircher et al. 
1985). According to Weiner and Liese (1995, 1997), 
they also occur in protoxylem tracheids and metaxy- 
lem vessels of monocotyledons (palms, bamboo), in 
the vicinity of injuries. The dendrochronological im- 
portance of tyloses is limited, as neither regular nor 
traumatic tyloses are directly connected with tree-ring 
formation or its boundaries. During the change from 
sapwood to heartwood, they rarely occur in the same 
tree ring around the whole stem. Traumatic tyloses 
typically form where vessels are disrupted axially. This 
may be a local phenomenon, or it may occur along the 
entire outside edge of the stem, in the vicinity of live 
parenchyma cells. 

There is a close relationship between tyloses and 
gumlike plugs in vessels. According to Bonsen (1991), 
in species with small vessels and small crossing field 
pits (less than 3 tm) gum plugs form, whereas in spe- 
cies with large crossing field pits (more than 3 umi) 
and large vessels (more than 100 um) tyloses de- 
velop. For Japanese wood, Saitoh et al. (1993) deter- 
mined that in vessels with a small diameter mainly 
gum plugs form, and in large vessels mainly tyloses 


form (Fig. 8.37). Figure 8.38 shows some tyloses types 
(Saitoh et al. 1993). The walls of tyloses may have pits 
or not, and can be more or less thick. As the tyloses 


A Fig. 8.37. Tylosis. Species with small vessels that are filled 
with both tyloses and phenolic plugs. Heather, Calluna vulgaris. 
Algarve, Portugal (120:1) 
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impede vessel functioning, it is difficult to understand 
why some still have pits. 


8.4.2 
Polyphenols in Heartwood and Wound-Margin 
Cells 


According to Bauch and Baas (1984), the deposits 
found in cell lumina and intercellular spaces, and the 
accrustation and saturation of cell walls with excre- 
tions, are caused by environmentally induced physio- 
logical and biochemical processes, as well as chemical 
reactions in live and felled trees. These processes take 
place in the transformation from sapwood to heart- 
wood and during compartmentalization after injuries. 
In the following cell types and tissues, live parenchyma 
cells mainly excrete polyphenols: 

e Tracheids (Fig. 8.39b) 

¢ Libriform fibers (Fig. 8.39a) 

e Ray and strand parenchyma cells (Fig. 8.39b) 

e Vessels (Fig. 8.40) 

e Vessels and fiber tracheids 

¢ Vessels, fibers, parenchyma cells 

¢ Intercellular spaces 

¢ Tyloses (Fig. 8.38c) 

¢ Cell walls (Fig. 8.41a) 


There is much literature on the causes, formation, 
morphology and the chemical composition of heart- 


wood substances, summarized, for example, in Tren- 
delenburg and Mayer-Wegelin (1955), Bosshard (1974), 
Bauch and Bass (1984) and Hillis (1987). From a den- 
drochronological point of view, the sapwood-heart- 
wood border in oak wood is important, as its presence 
in oak samples allows an estimate of the year the tree 
was felled or died (Schweingruber 1996). It must be 
remembered, however, that within the same tree this 
border rarely follows the same tree ring (Fig. 8.42a). 
The compartmentalization borders along stem core 
holes are indirectly affected by dendrochronology. 


8.4.3 
Chemical Boundaries and Demarcation Lines 


8.4.3.1 
Chemical Boundaries 


Chemical boundaries, also called barrier zones, are 
a component of the compartmentalization system 
(Shigo 1988; Schmidt 1994). The first reaction to an 
injury is the production of dark-colored substances, 
made locally by live parenchyma cells (Fig. 8.42a). In 
a cross section, the boundaries appear as thin lines 
and dark-colored spots (Shigo 1989). In most cases, 
these are polyphenols (Schmidt 1994) or, in conifers, 
resin. The structural variability is, however, visible 
only under the microscope. It can be seen that chemi- 
cal boundaries may easily cross tree-ring boundar- 


A Fig. 8.38. Tyloses. a Thick-walled tyloses, densely packed into the vessels. Ficus sp. Cairns, Australia (225:1). b Thin-walled tylo- 


ses in earlywood vessels of an oak, Quercus robur. Birmensdorf, Switzerland (70:1). ¢ As b but with phenolic deposits on the tylosis 


walls and in the surrounding parenchymatous and prosenchymatous cells. Eucalyptus sp. Tenant Creek, Australia (140:1) 
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A Fig. 8.39. Phenolic substances. a In fibers near injuries. Gray alder, Alnus incana. Live stem with a wound caused by rock fall. 
Ausserberg, Wallis, Switzerland (110:1). The substances responsible for compartmentalization are found exclusively in the lumen of 
the libriform fibers. b In parenchyma cells. Dwarf juniper, Juniperus nana. Grindelwald, Switzerland (35:1). The yellowish deposits 
are found in tangentially arranged parenchyma cells of the latewood and in the rays. The heartwood has a brownish color 


A Fig. 8.40. Phenolic substances in vessels. a Shrubby honeysuckle, Lonicera caerulea (Caprifoliaceae), heartwood. Shrub in a 
subalpine conifer wood. Aletsch Wood, Switzerland (230:1). The dark substance is found exclusively in the vessels. b Rhagodia sp. 
(Chenopodiaceae). Western Australia 90:1). The phenolic deposits are contained exclusively in the vessels 


8.4 The Reaction of Fully Differentiated Cells 201 


oy) 


x ty ry 


A Fig. 8.41. a Sapwood-heartwood border in an oak (Quercus sp.), in a post from a prehistoric lakeshore pile dwelling, on Lake 
Neuenburger in Switzerland. The border runs more or less parallel with the tree-ring boundary. b Demarcation lines of white 
rot fungi; concentrations of mycelia keep separate species or/and clones from one another. Beech, Fagus sylvatica. (a Photo by 
Gassmann) 


A Fig. 8.42. Chemical boundaries running parallel to the tree rings. a Ash, Fraxinus excelsior, suppressed plant. Rossberg, Schwyz, 


Switzerland (400:1). At the beginning of the tree-ring formation, an event caused a wound that led to the short-term excretion of 
phenolic substances in intercellular spaces. The effect on the cambium was, however, not strong enough to cause callus formation. 
b Montpellier maple, Acer monspessulanum. Patras, Greece. Radial section (250:1). In the chemically separated wound reaction 
zone, phenolic substances are concentrated in the ray near the tree-ring boundary. The boundary is recognizable by the axially ori- 
ented crystal chain and the difference in fiber size between latewood and earlywood fibers 
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ies and rays. Chemical boundaries are found on the 
sapwood-heartwood border (Fig. 8.42a), and gener- 
ally form where live tissue is injured, during natural 
branch thinning, fungal attacks or mechanical injuries 
(Figs. 8.41, 8.43). 


8.4.3.2 
Demarcation Lines 


Chemical barriers caused by wounds should not 
be confused with lines in wood with white rot. Fig- 
ures 8.42b, 8.44 and 8.45 show demarcation lines be- 
tween mycelia of different fungal species. Most black 
zones contain densely packed mycelia, as well as xy- 
lem cell walls and lumen that are coloued by fungal 
phenols (Schmidt 1994; Fig. 8.45; see also Fig. 10.7). 
Very low or high water content inhibits or favors 
the growth of microorganisms, and affects chemical, 
biochemical and biological reactions. The result is a 
discoloration of the xylem, i.e., the formation of poly- 
phenols along the demarcation lines (Figs. 8.44, 8.45). 
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A Fig. 8.43. Chemical boundaries in relation to wood-anatomical boundaries. 
a Chemical boundary running parallel to the rays. Alpine rose, Rhododendron ferru- 
gineum. Alpine pasture. Sertigtal, Davos, Switzerland (100:1). b Boundary that runs 
perpendicular to the longitudinal direction in an overgrown branch end (arrow). 


Orange, Citrus auranthiacum. Algarve, Portugal (10.5:1) 


8.5 
The Reaction Within Dead Wood 


8.5.1 
Tangential Cracks Without Callus Tissue in Live 
Tree Stems 


Tangential cracks form in dead wood because, in con- 
trast to resin pockets, the edges along the crack do 
not have wound tissue cells. The cracks occur in weak 
zones of various anatomical shape owing to shrink- 
ing anisotropy in standing stems (Wilkes 1987). Ring 
shake is the most well-known form. The exact loca- 
tion of the crack is mainly determined by a large dif- 
ference in tension, rather than by anatomical condi- 
tions. Where there is no shrinking anisotropy, no 
tangential crack will, therefore, form along an ana- 
tomically weak zone. Even in the most investigated 
species, sweet chestnut (Castanea sativa), according 
to Chanson (1988) and Fonti et al. (2002), the causes 
of tangential cracks are not clear. One may observe 
cracks along anatomically weak zones (Fig. 8.46), on 


A Fig. 8.44. Demarcation line in rela- 
tion to wood-anatomical boundaries 
in dead xylem. The lines generally run 
obliquely to the anatomical structure. 
Sycamore, Acer pseudoplatanus (35:1) 
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the boundary between structurally different zones, 
in very dense latewood and in unexpected positions, 
oblique to the main anatomical direction. Tangential 
cracks are of little dendrochronological importance 
as their formation cannot be dated. Only Macchioni 
and Pividori (1996) have demonstrated cross-dating 
of these features. 


8.5.2 
Radial Cracks in Live Stems 


Three main types can be distinguished: 
1. Intra-annual cracks without callus filling (Fig. 8.47). 
The 1-3-mm-wide, and up to 1-m-long, spindle- 


shaped cracks are mainly found in the wide early- 3. 


wood of conifers. The cracks develop away from the 
cambium, and also in areas with parenchyma cells 
capable of regeneration. In spruce stems, cracks 
have been dated dendrochronologically to certain 
time periods. The cause of splitting is probably an 
insufficient water flow in the stem, for example, 
caused by summer droughts (Grabner et al. 2006). 
Cherubini et al. (1997) supposed that when there is 
much transpiration in the spring, not enough water 
is delivered upwards from the root system. In such 


cases there is a risk that thin-walled earlywood 
risks will split. The cracks are dendrochronologi- 
cally datable; it is, however, questionable whether 
or not they formed during the year of the tree ring 
in which they are located. Tangential rows of resin 
ducts in the following latewood indicate that the 
cracks formed when the tree ring was close to the 
cambium (Fig. 8.48b). 


. Intra-annual cracks with callus filling (Fig. 8.23b, c). 


These are described and illustrated in Sect. 8.2.3. 
Most cracks are accompanied by callus ground tis- 
sue deformations. It follows that they formed in 
the area of the live cambium. According to Kuroda 
(1986), they are mainly due to mechanical injuries 
and sometimes also to severe late frosts. 

Long interannual cracks. Interannual cracks touch 

the cambial area and stimulate normal, radial 

growth (Figs. 8.48, 8.49). They have various causes 
and arise owing to shrinkage. 

e Overgrown frost cracks are generally caused by 
injuries. Owing to frost, the annual overgrowing 
process is always interrupted and freshly stimu- 
lated again during the following year (Fig. 8.49). 

e Injuries caused by the woodpecker. The wound 
stimulates callus formation, and the crack is im- 
mediately overgrown (Fig. 8.48b). 


< Fig. 8.45. Fungal hyphae in de- 
marcation lines. Fungal hyphae form 
blisterlike structures in earlywood and 
latewood tracheids. Norway spruce, 
Picea abies (350:1). 
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A Fig. 8.46. Tangential cracks along anatomically weak zones. a Dahurian larch, Larix dahurica. Magadan, Russia (160:1). The 
crack opened in the central lamella between the first and the second row of tracheids. The thin-walled first tracheid row was prob- 
ably created by extremely cold weather at the beginning of the tree-ring formation. b Cembran pine, Pinus cembra. Davos, Switzer- 
land (100:1). This young tree stood in the area of snow creeping at the upper timberline. The crack opened along a collapsed row of 
cells — and is probably due to frost damage 


< Fig. 8.47. Intra-annual cracks with callus filling outside the 
cambial area. Norway spruce, Picea abies. Subalpine spruce 
wood, Paneveggio, Trentino, Italy. a The crack mainly affects 
the earlywood, and continues into the preceding and the subse- 
quent latewood (10.5:1). The tangential row of resin ducts indi- 
cates that the crack opened shortly before latewood formation, 
and that it lengthened centrifugally and centripetally after the 
beginning of the following year’s earlywood formation. b Crack 
in which the marginal cells are saturated with resin (35:1). The 
crack formed in the sapwood, in the area with live resin duct 
cells. (Courtesy of P. Cherubini) 
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¢ During summer droughts in fast-growing coni- 
fers. 

¢ During warm periods in fully leafed trees on per- 
mafrost (Fig. 8.48a). 

¢ In cold winters, when the water in the intercel- 
lular spaces expands owing to frost (Fig. 8.48b; 
Knuchel 1940). 


8.6 
Effects of Geophysical Events on Trees 


Dendroecological research benefits from the fact that 
extreme events abruptly alter a tree’s metabolism: by 
a reduced assimilation area, injury or leaning of the 
stem, or by tearing the roots (Fig. 8.50c). Any such 
event gives rise to a series of structural changes. In the 
following, a few examples illustrate how anatomical 
characteristics in the stem may be interpreted dendro- 
ecologically. There is no reference to dendroecologi- 
cal literature because, with few exceptions, it does not 
cover the anatomical structure. The reader is referred 
to the summarizing works of Bitvinskas (1974), Fritts 
(1976) and Schweingruber (1996), as well as Grissino- 
Meyer’s literature review (http://www.01.wsl.ch/den- 
drobiblio/). 


8.6.1 
Avalanches, Snow Movement, Rock Fall, 
Landslides, Floods, Moving Ice Plates, Wind 


These geophysical events mainly affect root and stem 
growth (Bitterli 1987). The various phenomena were 


< Fig. 8.48. Effects of internal radial 
tension cracks on the cambium. a Da- 
hurian larch, Larix dahurica. Sirianka, 
Yakutia, Russia (20:1). b Silver fir, Abies 
alba. Riiderswil, Emmental, Switzerland 
(10.5:1). In both cases, the internal ten- 
sion crack stimulated cambial activity. 
Tree-ring width increased locally for 

1 year (a, arrow) or for several years (b). 
The changing intensity of the internal 
tension is expressed in the ring’s shape. 
Ina, no callus tissue was formed. The 
silver fir, in which resin duct formation 
is not obligatory, developed tangential 
rows of resin ducts and callus tissue im- 
mediate after injury and again one year 


later, (b) 


described in Chap. 6 and Sects. 8.2-8.5. As an exam- 
ple, growth changes as a result of torn roots (Fantucci 
and McCord 1995; Fig. 8.51) and changes in the posi- 
tion of stems (Clague and Slouther 1982; Fig. 8.51) in 
wooded plants affected by landslides are illustrated 
here (see also Sect. 6.2.3). 


8.6.2 
Volcanoes 


In Grissino-Meyer’s literature review, over 100 dendro- 
chronological papers deal with volcanoes. Although 
volcanic eruptions affect all the reaction mechanisms 
of trees close or far away, no relevant wood-anatomi- 
cal studies exist. The following causes and effects may 
be expected: 
1. Direct effects 
e Leaf loss due to hot ash: tree death, narrow tree 
rings (Fig. 8.52), interruption of cell wall thicken- 
ing, false rings 
Burial of tree stems by ash: formation of adventi- 
tious roots, narrow tree rings, possibly tree death 
“Landslide” consisting of ash: leaning of trees 
¢ Compression and leaning of tree stems owing to 
ash deposits: eccentric growth, reaction wood, 
broken branches and callusing of wounds 
Tree stems covered by lava: tree death, injury of 
the cambium 
2. Indirect effects due to climate change and extreme 
weather conditions 
¢ Narrow tree rings, narrow and light latewood, 
frost rings 
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Overgrowing process with locally 
stimulated growth, callus and 
#} tangential resin ducts 
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A Fig. 8.49. a Frost rib. Dahurian larch, Larix dahurica. Sirianka, Yakutia, Russia (20:1). The internal tension crack could not close 
because the callus tissue was ripped open every year by expanding ice. With the increasing reaction of the cambium, it is likely that 
mechanical stress increased with the beginning of the formation of the crack. b Tangential view of the area where frost ribs are over- 
grown (40:1). Section across callus tissue in the vicinity of a newly forming rib. The callus is closely attached to vertically oriented 
tissue. c Tangential view of the area where frost ribs are overgrown (40:1). Outside edge of a rib. The crack is completely closed. Only 
an area with centrically arranged fibers remained; it could be the initial point of an adventitious bud 


A Fig. 8.50. The influence of geophysical factors on trees. a Scots pine root system, Pinus sylvestris, that has been exposed by wind 


action, on a dune of Lake Baikal in Siberia. b Forests between avalanche channels. The crowns and tree-ring series of the trees along 
the forests edge, in particular, have characteristics that indicate extreme mechanical stress. Maderaner Valley, Uri, Switzerland 
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A Fig. 8.51. Sudden growth reductions in deciduous wood 


affected by landslides. Torn root systems cause abrupt growth 
reductions and indistinct annual growth rates. a Manna ash, 
Fraxinus ornus. Suppressed individual, Vesime, Piedmont, Italy 
(25:1). On the tension side, over several years, ground tissue 
with thick cell walls formed. Growth increment is small, and 
individual tree rings are discontinuous - see also Fig. 6.3. b Ec- 
centric growth and tension wood formation after a woody plant 
had been made to lean over by a landslide. Manna ash, Fraxinus 
ornus. Suppressed individual, Vesime, Piedmont, Italy (12.5:1) 


Using the Hudson volcano in southern Chile (Vo- 
gel 1996) as an example, we can sss that wood-ana- 
tomical characteristics in deciduous trees indicate the 
physiological effects caused by a volcanic eruption 
(Fig. 8.53). Typically, volcanic eruptions give rise to 
single, extremely narrow tree rings, sudden phases of 
growth reduction, insufficient cell wall thickening and 
parenchymatized latewood zones. The latter are prob- 
ably connected with water supply problems. See also 
Sect. 7.6.1. 


8.6.3 
Forest Fires 


Fire damages or destroys the tree crown, i.e., the as- 
similation area. Subsequently, growth increment sud- 
denly decreases, and the processes of differentiation 
and lignification (Fig. 8.54) are disrupted. The ana- 
tomical changes were described in detail in Chap. 7. In 
dendroecological research on forest fires, little atten- 
tion has been paid to these phenomena. Great impor- 
tance has, instead, been attached to fire injuries along 
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A Fig. 8.52. Growth reduction in a Douglas fir stem, Pseu- 
dotsuga menziesii by the volcano Mt. St. Helens, Oregon, USA 
(10:1). From the year 1800 onwards, defoliation caused by hot 
ash caused a growth reduction lasting 10 years; hence, the volca- 
nic eruption is datable. (Photo courtesy of Yamaguchi) 


the stem, the so-called fire scars (Fig. 8.55). As these 
can be cross-dated to the year, and even to the very 
season (on the basis of the anatomical ring structure), 
a close connection to site and climatic conditions can 
be established. Especially Swetnam (1993) created 
the basis for proper fire research, by further dividing 
conifer tree rings into earlywood and latewood. Most 
studies have been carried out on conifers (Fig. 8.54b), 
whereas less attention has been paid to deciduous 
wood (Berli 1996; Figs. 8.54d, 8.55). 


8.6.4 
Marks in the Cambium 


Any cambial injury induces callus formation immedi- 
ately afterwards; hence, various destructive methods 
have been employed in order to study annual growth 
increment. The presence of an event can, therefore, be 
deduced from the anatomy of the injured part. In the 
tropics, especially Mariaux (1967) and Worbes (1995) 
studied growth increment on the basis of “windows” 
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A Fig. 8.53. Effects of a volcanic eruption on the radial growth increment of Nothofagus pumilio in southern Chile. a Growth 


increment decreased suddenly for 1 year. During the following year, it became normal again (35:1). b Growth increment decreased 


suddenly for several years. The tree recovered, and in the fourth year, the growth increment was normal again (20:1). c The volcano 


affected the tree-ring formation during the growing season. The cell wall growth of the still live cells was suddenly interrupted, and 


a few intra-annual latewood fibers formed (arrow) (50:1). (Material courtesy of A. Vogel) 


(little cubes cut out of the stem). With reference to 
Wolter (1968), more recently, less destructive methods 
like “pinning” (pricking with needles; Kuroda and Ki- 
yono 1997) and injuries caused by growth increment 
corers (Bauker et al. 1998; Forster et al. 2000) have 
been employed. The anatomical reactions to artificially 
induced stab wounds in conifers were described by 
Kuroda and Shimaji (1984). See also Sect. 8.2.3. 

An interruption of the sap flow, caused by inju- 
ries, gives rise to compartmentalization and leads to 
increased growth. This is illustrated here by applying 
small, 2-mm-diameter, pinholes in Thuja occidentalis. 
The pinning caused disturbances all around the hole 
(Fig. 8.56) in the areas of cambium and phloem. The 
surviving cambium cells locally developed callus tis- 
sue that, depending on the season, quickly differenti- 
ated back to xylem. The live cells in the phloem reacted 
with accelerated callus growth. On the outside of the 
phloem callus margin, a cork cambium formed that, 
within a few days, produced an isolating layer, consist- 
ing of several cells (Fig. 8.56). In the axial direction, 
the differentiation processes proceeded in various 
ways. Along the side of the wound, where the sap flow 
had not been interrupted, callus tissue was produced 
that quickly transformed into axially oriented xylem. 
Above and below the wound, where the sap flow had 


been interrupted, a xylem with very twisted fibers 
originated from the callus tissue. Similar phenomena 
may be observed on all wound margins of pollarded 
trees and lopped branches. See also Sect. 7.2.1.2, as 
well as Larson (1994), who comprehensively dealt 
with the problem of ring-barking. 


8.7 
The Reaction to Biological-Mechanical 
Influences 


8.7.1 
Damage of Trampling by Red Deer 


In woodlands, the tracks normally used by red deer 
are recognizable by exposed tree roots. A closer in- 
spection shows many overgrown wounds, very close 
to each other, on the topside of the roots. This obser- 
vation allows the reconstruction of when and how of- 
ten these tracks have been used. 

When a track is made, i.e., at the moment of root 
exposure, there is a sudden structural change in the 
root xylem (Fig. 8.57). From the overgrown wounds, 
the frequency of use of the track can be reconstructed 
(Fig. 8.57). Open wounds are easily recognizable, and 
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A Fig. 8.54. a Reaction to defoliation caused by fire. Darwin, Australia. Acacia sp. (100:1). After a fire had defoliated the tree, 
adventitious shoots and, at the same time, a tangential row of little pores formed. b Reaction of conifers and deciduous trees to the 
destruction of the cambium by fire. Siberian larch, Larix sibirica, near the northern timberline. Salechard, Russia (10.5:1). The fire 
occurred at the beginning of the growing season, as the first earlywood cells had just been formed. At the northern timberline, this 
indicates the first half of July. c Callus formation as a reaction to heating the cambium. Siberian larch, Larix sibirica (100:1). Next 
to the destroyed cambium (to the left, outside the photo), a wedging false tree ring was formed. The tangential row of resin ducts in 
the center of the earlywood is a reaction to stress. d Downy oak, Quercus pubescens. Ticino, Switzerland (50:1). The fire happened at 
the time of leaf-break (according to Berli and Schweingruber 1992 between May 10 and 14, 1965). The first earlywood vessels and 
fibers had already been well formed and lignified. Afterwards, callus tissue was produced. The fire disrupted the functioning of the 
earlywood vessels by stimulating the neighboring parenchyma cells to produce tyloses and to excrete phenolic substances 
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A Fig. 8.55. Four scars in a sallow, Salix caprea, in Ticino, 
Switzerland. Man-made fires injure the base of the tree every 
3 years 


were caused by the local destruction of the cambium. 
More frequent are contusions, which give rise to cal- 
lus zones that are invisible from the outside (corrasion, 
hidden wounds; Fig. 8.58b, c). All three phenomena 
are datable, to the year and even to the season. Cross- 
dating is very accurate in exposed roots, because their 
rings are divided into distinct earlywood and latewood 
zones (Fig. 8.59). 

All thick and thin roots of several-year-old conif- 
erous and deciduous trees and shrubs are vulner- 
able to trampling and, therefore, may be employed in 
deer-mobility studies. Using examples of mountain 
pines from the subalpine belt of the Swiss National 
Park, we can see how structural changes may be dated 
to the year (Fig. 8.57) and to the season (Figs. 8.58, 
8.59). 


8.7.2 
Traces of Bark-Eating Rodents 


Many rodents eat thin bark and the sap-containing 
cambia of mainly young plants as supplementary food. 
According to Schwenke (1978), several kinds of mice 
browse seedlings and young tree saplings (Fig. 8.60). 
The rodent can be identified from the browsing marks. 
If the young plants survive browsing, the wounds close 
very quickly during the growing season; at this stage, 
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A Fig. 8.56. Reaction of conifer tissue to an injury caused by 
the perforation of phloem and cambium with a growth incre- 
ment corer (Forster et al. 2000). Thuja occidentalis. Lac Dupar- 
quet, Quebec, Canada (15.5:1). Cross section of the overgrown, 
2-mm-diameter hole. The wound was overgrown by callus tis- 
sue originating from bark cells that produced a new layer of 
bark. Xylem production will start again later 


the regeneration capacity is high, in particular during 
favorable growing conditions. The compartmentaliza- 
tion mechanism also works well at this stage. Over- 
grown wounds from browsing rodents (Fig. 8.60) and 
the intra-annual moment of the damage (Fig. 8.61a) 
are shown. 


8.7.3 
Cambium Injuries Caused by Woodpeckers 


It is assumed that woodpeckers, especially sapsuckers 
(Fig. 8.62), peck living trees in order to lick sap ooz- 
ing from the holes (Kucera 1972a, b; Larson 1994). In 
Europe, woodpeckers attack about 30 tree species. Ac- 
cording to Kucera (1972a, b) they affect 246 tree spe- 
cies in North America. Over many years, woodpeck- 
ers tend to peck the same place of the stem. Many little 
wound closures give rise to sap bands (Fig. 8.62a), the 
signs of the injury, which are clearly visible (Fig. 8.62b). 
According to Leibundgut (1934), woodpeckers pecked 
the same spot of a Norway spruce (Picea abies) for up 
to 40 years and of a Scots pine (Pinus sylvestris) for a 
period of 117 years. And it was possible to reconstruct 
the pecking frequency. 

Kucera (1972a, b) analyzed the anatomical effects 
of woodpecker attacks on a yew tree (Taxus baccata), 
and found all transitional types between parenchyma- 
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A Fig. 8.57. Structural changes in an exposed mountain pine root, Pinus mugo, caused by the trampling of deer hooves. Subalpine 
zone, I] Fuorn, Swiss National Park (15.5:1). The transition point from root to stem wood (arrow) indicates when the root was 
exposed, and the damage from trampling is recognizable in the callus formation (arrows). Callus (hidden injuries on the central 
side) was formed by pressing the root down onto something hard, for example, stones or other roots 


A Fig. 8.58. Dating to the season, of intra-annual root injuries, caused by hoofed animals. Pinus mugo. Upper timberline, Swiss 
National Park (100:1). a Injury during the tree’s dormancy (September to mid-June at the upper timberline ). The latewood cells 
are complete (arrow). The wound was overgrown from the side, at the beginning of the growing season, which, at this site, is about 
mid-June. The most likely time period for the injury is the snow-free time before growth starts again, when the cambium initials are 
being formed and are still mechanically unstable. b Injury at the beginning of the growing season (about mid-June). The injury took 
place when the root was being exposed. The first row of earlywood tracheids (arrow) is still part of the root xylem. The repair tissue 
mainly consists of unlignified parenchymatous callus cells. c Injury at the beginning of the latewood formation (about the end of 
July). A slight pressure gave rise to a short period during which callus cells were formed 
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< Fig. 8.59. Dating of intra-annual structural changes, ie., the 
root exposure (110:1). a The roots were exposed at the begin- 
ning of the wood-growing season - at this site, about the end 
of June. The first earlywood vessels that were formed before the 
structural change still belong to the root xylem (arrow). b The 
roots were exposed in the dormant season. After the very indis- 
tinct tree-ring boundary, the first small earlywood cell indicates 
an exposure before growth started (arrow) 


< Fig. 8.60. A young Acer pseudoplatanus that has been 
browsed by mice. Birmensdorf, Switzerland. After the little 
plant had been bent down, probably by snow, the mice gnawed 
about 5 cm off the bark 
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A Fig. 8.61. Overgrown injuries on young plants, caused by browsing mice. a Fly honeysuckle, Lonicera xylosteum (40:1). At the 
time of the latewood production, mice damaged the cambium of 3.5-mm-thick, 3-year-old plants. The wound compartmentalized. 
Already at the end of the growing season, the damage was repaired. b Beech, Fagus sylvatica (20:1). A 5-mm-thick specimen was 
nearly ring-barked after germination. Although the cambium had been destroyed over 80% of the circumference, it regenerated 
almost completely within 2 years 


A Fig. 8.62. Pecking marks caused by woodpeckers. a Sap band on a Scots pine, Pinus sylvestris. Wallis, Switzerland. b Overgrown 
pecking marks after several visits of the woodpecker. Scots pine, Pinus sylvestris. Wallis, Switzerland. Repeated pecking stimulated 
radial growth locally. Subsequently, this led to the formation of sap bands 


214 


Modification of the Tree-Ring Structure Due to Destructive Agents in Wood and Bark 


tous wood ray cells and tracheids. From cross sections 
of woodpecker wounds in silver fir (Abies alba), Scots 
pine (Pinus sylvestris), American lime (Tilia ameri- 
cana) and sweet chestnut (Castanea sativa), the most 
important dendrochronological-anatomical charac- 
teristics have been ascertained: 

e The pecking intensity varies. Often, the tip of the 
beak only reaches the phloem, but in most cases it 
gets through to the cambium. From the outside of 
the stem, this distinction is not visible. In the first 
case, the phloem contains tangential caverns, and 
in the latter, callus tissue and margins are visible 
(Figs. 8.62a). 

e The time of year when pecking occurs varies. In the 
conifers analyzed, the injuries were found at the 
tree-ring boundary (Fig. 8.63) or in the earlywood 
(Fig. 8.64b). 

¢ Where the beak hits the stem, the cambium on the 
side of the xylem is almost completely destroyed 
and is separated from the phloem (Fig. 8.64a). As 
air enters, the xylem tissue surrounding the wound 
is compartmentalized with dark phenolic sub- 
stances. In young shoots, open wounds usually get 
overgrown immediately. On the inside, the callus 
margin consists mainly of parenchyma cells; on the 
outside, a cork cambium produces a cork layer with 


A Fig. 8.63. Dating the intra-annual moment of the wood- 
pecker injury. Pecking occurred outside the growing season. 
The first callus tissue was found in the earlywood. Scots pine, 
Pinus sylvestris. Hohtenn, Wallis, Switzerland (10.5:1). The stem 
was pecked every 2-5 years. 


several cells (Fig. 8.64a). Often, the cells still capa- 
ble of division form callus tissue on the bast side. 
After the subsequent period of differentiation, nor- 
mal xylem tissue is formed again (Fig. 8.63b). The 
injury stimulates growth (Fig. 8.63a), and after sev- 
eral attacks, a sap band is formed (Fig. 8.62a). The 
injury causes an irritation on the side of the wound 
that leads to the formation of traumatic, tangential 
rows of resin ducts, even in species that normally 
do not form resin ducts (Fig. 8.48b). 

¢ Further away from the immediate area of attack, es- 
pecially on the axial sides, callus tissue and some- 
times tangential rows of resin ducts form (Fig. 8.48b). 
If the injury took place during the growing season, 
cell wall growth is interrupted. In deciduous trees, 
often new rays form. Above the pecked area, away 
from the callus zone, sweet chestnuts form a new 
earlywood-like zone after a phase without vessels. 
The callus zone is initiated by surviving axial cam- 
bium cells and wood ray initials. 


8.7.4 
Pith Flecks, Callus Spots and Galls: 
Traces of Cambium-Damaging Insects 


The fly larvae that tunnel the cambium (Agromyzidae, 
Diptera) eat vertical tunnels into the cambium of many 
woody species on all continents (von Tschiernhaus 
1991). The larvae practice their activities from the be- 
ginning of the earlywood formation to the beginning 
of the latewood formation. During this time, they eat 
their way through 2-4 m up and down the stem; the 
number of tunnels per cross section area and year is, 
therefore, only of limited use for a reconstruction of 
population dynamics (Grossenbacher 1910). The be- 
ginning and end of insect feeding can, however, be 
accurately dated. From the pith fleck’s shape, the spe- 
cies of the cambium miner can possibly be identified 
(Fig. 8.65), though within a single tree ring its shape 
and size may vary (Fig. 8.65). The injury mostly af- 
fects unlignified, swollen cells, which collapse (Rioux 
1994). Under reduced magnification, the compressed, 
hidden cell walls appear as dark lines. Subsequently, 
dark phenolic substances are often excreted. Regen- 
eration starts immediately after the insect has left the 
stem, from rest meristems and parenchyma cells still 
capable of division (Fig. 8.66). These form callus cells 
on both sides of the cambium, and usually fill up the 
hollows quickly and completely. Only rarely, small and 
empty hollows, or hollows filled with larvae droppings, 
remain; sometimes, a few cells sclerotize (Carlquist 
2001; Bonham and Barnett 2001). The transition back 
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to species-specific tissue only takes little time - in 
the earlywood, just a few days. In Prunus spinosa, the 
transition is sudden (Figs. 8.65a, 8.67a). This raises the 
question whether the larvae fed on the unlignified tis- 
sue instead of on the cambium. 

Larvae of Matsucoccus josephi (Homoptera) dam- 
age the cambium of Pinus halepensis. Subsequently, 
callus tissue forms in the tree rings. The attacks are 
datable (Liphschitz and Mendel 1987). 

The anatomy of the galls has been dealt with espe- 
cially by Kiister (1930). 


8.7.5 
Tumorous Growth Caused by Fungi 


In phytopathology, innumerable species of fungi are 
known that affect cambial activity (Butin 1983). In 
only a few of them, the life cycles have been recon- 
structed on anatomical specimens of the xylem or 
bark. In Europe, only past epidemic diseases have 
been analyzed from a historical point of view, such as 
Cypress disease by Madar and Liphschitz (1989). The 
following examples illustrate the plants’ reactions to 
fungal infestations. 


8.7.5.1 
Stem Rust 


According to Butin (1983), stem rust caused by Gym- 
nosporangium sabinae causes swollen bark (Fig. 8.68). 


< Fig. 8.64. Cambial reactions at, 

and close to, the point where the 
woodpecker’s beak hit the stem. a Sweet 
chestnut, Castanea sativa. Tesserete, 
Ticino, Switzerland (20:1). A 1-year-old 
callus margin above a pecking hole that 
formed after annual growth had ceased 
(arrow). The latewood near the pecking 
hole is missing. The seam of the callus 
bulge consists of cork cells. The callus 
margins anastomosed. b Silver fir, Abies 
alba. Langnau, Emmental, Switzerland 
(20:1). Although this species normally 
does not form resin ducts, at the lateral 
sides of the wound, a row of tangential, 
traumatic resin ducts was formed 


Microscopical studies have shown that the fungus may 
also stimulate xylem growth (Fig. 8.69a). The infection 
lasts several years and occurs throughout the growing 
season Fig. 8.69a, arrows). If the fungus reaches the 
cambium, it will remain there for several years and 
affect all growing processes. Then, calluslike, radial 
strands are formed that consist of irregularly shaped 
parenchyma cells with walls of very different thick- 
ness. On the side, barriers would appear to stop any 
further spreading of the fungus. The strands induced 
by the fungus have the same shape as wide rays. Hor- 
monal induction alters the proportion of parenchyma 
and prosenchyma in favor of the former (Fig. 8.69b). 


8.7.5.2 
Witches’-Broom on Silver Fir 


According to Butin (1983), the host-changing rust 
fungus Melampsorella caryophyllacearum causes two 
symptoms of illness in silver fir (Abies alba): witches’- 
broom (Fig. 8.70) and partial stem thickening with 
very rough bark. The part of the branch near the 
stem with its short, chlorotic, spore-bearing needles 
is thickened. The fungus stimulates the bark tissue to 
produce tumorous growths and the xylem to acceler- 
ate radial growth, and it triggers a defense mechanism 
by forming tangential rows of traumatic resin ducts 
(Fig. 8.71). The start of an attack may be determined 
on the basis of sudden growth changes and tangential 
rows of resin ducts. 
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A Fig. 8.66. Regeneration of 
the galleries. The radial sec- 
tion illustrates that rays as well 
as cambium cells are involved 
in the formation of callus cells. 
Green alder, Alnus viridis. Fai- 
do, Ticino, Switzerland (45:1) 


< Fig. 8.65. Different shapes and seasonal occurrence of pith 
flecks. Green alder, Alnus viridis. Faido, Ticino, Switzerland 
(20:1). Three tangential, oval pith flecks are found within just 
one ring. The first is located in the center, the second in the last 
third and the third at the end of the ring. The first pith fleck 
closed quickly and completely; in the third one, an opening 
remained. 
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A Fig. 8.67. Immediate reaction to the destruction and revival of the differentiation process. 
a Green alder, Alnus viridis. Ces, above Lavorgo, Ticino, Switzerland (110:1). At the end of the 
growing season, insect feeding gave rise to severe chemical reactions. None of the xylem cells 
remained capable of division. All new tissue derived from the phloem. The wound did not close 
completely, and the differentiation process extended into the next year’s earlywood. b Green alder, 
Alnus viridis. Ces, above Lavorgo, Ticino, Switzerland (110:1). “Typical” pith fleck in the center 
of the tree ring. The gallery triggered chemical reactions in the surrounding cells; the cells on the 
tree-ring boundary that are filled with dark substances are reactions to a nearby pith fleck that is 
not shown. Callus was probably mainly formed by cells on the side of the bark that were capable 
of division. On the xylem side, some cells were also still able to divide 


8.7 The Reaction to Biological-Mechanical Influences 217 


< Fig. 8.68. Store of teleutospores of the bark rust Gymnospo- 
rangium sabinae on savin (Juniperus sabina). The fungus caused 
the bark to swell, out of which came spore deposits (Butin 
1983) 
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v Fig. 8.69. Juniper shoots (Juniperus communis) infested 
by bark rust. Rossberg, Schwyz, Switzerland. a Radial growth 
was stimulated by the fungus. During the late summer of the 
sixth year (arrow), hyphae touched the cambium and stimu- 
lated growth. As a first reaction, a latewood zone formed that 
is unusually wide for Juniperus. The infections in this specimen 
lasted 2 years and occurred throughout the growing season (ar- 
eM rows) (50:1). b Tangential section. Area with a large proportion 
of raylike, bark-rust-infected parts (50:1). Thin-walled, loosely 
distributed parenchymatous cells are surrounded by thick- 
walled xylem tissue (tracheids and parenchyma). When the tis- 
sue had formed, the cell pressure in the infected area must have 


been higher than outside, as the fibers are bent sideways 
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A Fig. 8.70. Fir witches-broom. Melampsorella caryophylla- 


cearum favors the production of dense twigs, and increases the 
radial growth of silver fir branches, Abies alba. (From Butin 
1983) 


8.7.5.3 
Beech Bark Canker 


An infection with the ascomycete Nectria ditissima usu- 
ally enters the plant through leaf scars or the stub ends 
of branches (Butin 1983) and proceeds to the cam- 
bium. Several local infections induce the cambium to 
produce callus. This creates irregular bulges and lumps 
on branches and stems (Fig. 8.72). In the vicinity of 
the cambium, the dead parts are compartmentalized 
and overgrown with callus. After several infections in 
particular (Fig. 8.73), abnormal tissue with a large par- 
enchymatous part forms on the callus-overgrown dis- 
tal sides of wounds. The disrupted water regime often 
gives rise to the formation of false tree rings. 


8.7.5.4 
Bacterial Canker in Ash Trees 


According to Butin (1983), irregular, cauliflower- 
shaped tumorous growths on ash stems (Fig. 8.74) are 
caused by the bacterium Pseudomonas syringae. The 
bacteria get to the bark parenchyma through lenti- 
cels, reach the cambium and cause its death. The dead 
areas within the wood are enclosed by barrier zones, 
and the infected part is overgrown with callus from 
the wound margins (Fig. 8.75). The very noticeable tu- 


morous growths are mainly the product of hypertroph 
bark growth. Latewood zones are characterized by an 
absence of vessels (Sakamoto et al 2004). Repeated in- 
fections can be identified on the basis of the initials on 
the callus margins (Fig. 8.75). 


8.7.5.5 
Tumors on Conifers 


Tumors on trees are common and have often been 

studied (Sprengel 1935; Arya et al. 1975; Fig. 8.76). 

Their causes are generally unknown, though genetic 

predisposition, physical and chemical influences, 

cambium injuries by insects and bacteria, and sub- 
sequently unregulated auxin and cytokinin synthesis 
have been suggested (Eom and Chung 1994). The 
large, lumplike growths are created by increased wood 
production without essential structural changes. Ac- 
cording to White and Millington (1954), Tsoumis 

(1965), Peterson (1961) and Eom and Chung (1994), 

tumors in different conifer species, for example, Ab- 

ies lasiocarpa, Picea glauca (Fig. 8.76a), Picea sitchensis, 

Pinus flexilis and Pinus densiflora have, nevertheless, 

similar characteristics: 

e Increased cell production, ie., the tree rings are 
wider than usual but normally divided into early- 
wood and latewood. 

¢ Some tree rings contain an increased number of 
resin ducts, often in tangential rows. 

¢ Tumors form shortly after secondary thickening has 
started on stems and branches, owing to increased 
pericline cell division (Fig. 8.76b). 

¢ Often, though not always, the fiber arrangement is 
irregular. Tsoumis (1965) found that the tracheids 
were irregularly shaped, which, according to Eom 
and Chung (1994), is caused by the missing effect 
of polarizing hormones. Zhengli and Jinxing (1991) 
mentioned a stalagmitic growth in all Ginkgo biloba 
branches. Judging by the anatomical structure, this 
is a hypertrophy similar to tumors. 


8.7.5.6 
Stem Hyperplasia 


Tumorlike hyperplasia that affects an entire Chamaecy- 
paris obtusa stem was anatomically described by 
Yamamoto et al. (1993). The Tokkuri disease occurs 
on water-saturated, anaerobic soils. During a flood 
or anaerobic conditions in the root area, the ethylene 
and auxin production is stimulated, and, consequently, 
more cells form. Hyperplasia is combined with tan- 
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A Fig. 8.71. Branches affected by witches’-broom. a Silver fir, Abies alba. Zug, Switzerland (40:1). Siberian fir, Abies sibirica. South- 
ern Baikal, Russia (25:1). b The fungus stimulates growth and causes the formation of tangential traumatic rows of resin ducts. The 


attack started during the second year of life, but it adversely affected growth for years 


A Fig. 8.72. Beech bark canker caused A Fig. 8.73. Double infection caused by 
by Nectria ditissima. Rasa, Ticino, Swit- _ beech bark canker (Nectria ditissima) and 


zerland double callus formation. Beech, Fagus syl- 
vatica. Ticino, Switzerland (40:1). The at- 
tack occurred during cambial dormancy 


A Fig. 8.74. Bacterial canker on an ash 
stem, Fraxinus excelsio), caused by Pseu- 
domonas syringae. Birmensdorf, Switzer- 
land 
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A Fig. 8.75. Wound caused by repeated 
infections with bacterial canker (Pseudo- 


monas syringae) that was compartmen- 
talized and successfully overgrown by 
the tree. Ash, Fraxinus excelsior. Ticino, 
Switzerland (25:1) 


Millington 1954) 


gentially irregular cell formation, increased wood ray 
density and an increased number of biseriate rays. 


8.7.6 
Sweet Chestnut Bark Canker 


Spores of the Actinomyces Cryphonectria parasitica 
enter the live tissue through wounds in the bark that 
were caused by tension or injuries. An attack affects 
the entire tree for several years. The development of 
the disease in the bark is identifiable by necrotic, light- 
brown, rough areas (Fig. 8.77a). Where the fungus 
reaches the cambium, the dead parts become over- 
grown (Fig. 8.77b). Parenchyma cells in the water- 
conducting xylem excrete dark, phenolic substances, 
parallel to the tree rings (Fig. 8.77b, arrows); below 
the necrotic spot, and on the stem basis, often adventi- 
tious shoots form. Close to the infected area, abnormal 
structures form that would indicate problems with the 
water regime (Fig. 8.78a). The water-conducting part 
is replaced by parenchymatous tissue. This is likely 
to be a reaction to the death of the leaves, which is 
caused by wilting toxins (Butin 1983). Even far below 
the infected area, at the basis of infected long shoots, 


A Fig. 8.76. a Lumps on white spruce, Picea glauca, in Maine, USA. b White spruce, 
Picea glauca (about 45:1). Two tumor initials (a, b) (tumor tissue) began close to the 
pith. The tumor tissue differs from normal stem tissue by its slightly enlarged cells. 
The indentation was caused by an increased pericline division rate. (From White and 


the disturbed metabolism is noticeable. Within the 
latewood, a new, partial, earlywood-like pore ring may 
develop, and during the following year or two, no dis- 
tinct tree-ring boundaries form. Furthermore, periodi- 
cally, tangential, parenchyma bands with few pores ap- 
pear, which are followed by radially arranged fibers. 

Infected shoots may survive thanks to hypoviru- 
lence (Fig. 8.77b). Basal long shoots are often infested 
with virulent fungal strains. The influence of the fun- 
gus is visible on the dead shoots, outside the necroses. 
Death may occur immediately after the infection or 
during the following year (Fig. 8.78b). 


8.7.7 
Dutch Elm Disease 


According to Butin (1983), the fungus Ceratocystis 
ulmii generally spreads through the small and the 
large elm bark beetle. Young larvae take up the fun- 
gus spores in the galleries and, during the maturation 
of the larvae, transfer them to the wood of still un- 
affected twigs. The beetle’s feeding marks are mainly 
found in the forks of younger twigs, on coppice shoots 
or in the crown. The fungus also passes from the roots 
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< Fig. 8.77. a Sweet chestnut twig, Cas- 
tanea sativa, infested with chestnut bark 
canker (Cryphonectria parasitica). The 
rough, necrotic bark is typical. b Cross 
section of a necrosis caused by chestnut 
bark canker (Cryphonectria parasitica). 
Ticino, Switzerland. Over several years, 
the fungus locally caused the death of 
the cambium (white arrows), and every 
time the wound margins started to 
overgrow. In the unaffected, water-con- 
ducting part, dark cell substances were 
secreted (black arrows) 


< Fig. 8.78. a Structural changes near 
an infection with chestnut bark canker 
(10.5:1). During the year of the infec- 
tion, no large earlywood vessels formed, 
and the proportion of parenchymatous 
cells increased throughout the tree-ring 
area. At the same time, the earlywood 
vessels of the previous ring were inacti- 
vated by tyloses. b Long shoot that died 
in the spring, after the formation of a 
partial earlywood pore ring, 1 year after 
an infection with chestnut bark canker 
(Cryphonectria parasitica). Vesime, 
Piedmont, Italy (35:1) 
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of diseased trees to those of healthy trees. The char- 
acteristics of the disease and the reaction of the elms 
were determined in particular by Shigo (1989). As 
soon as the hyphae have entered the earlywood pores 
in spring, fungicide, phenolic substances, forms. As 
the fungus also secretes wilting toxins, the new leaves 
wilt, and subsequently the water supply within the 
stem deteriorates. This permits the fungus to spread 
and to break through the barrier zones (Fig. 8.79b). 
The dying process is continuous at different speeds. 
Single branches always die immediately after infec- 
tion in the spring. Parts of the tree, or whole trees, may 
survive 1 year to several years (Fig. 8.79a). 

Individuals die after several infections, which can 
be identified in the stem by locally compartmental- 
ized areas (Fig. 8.79b). 

In dendrochronological studies, the beginning of 
the damage and the moment of death may be deter- 
mined (Figs. 8.80, 8.81). 


8.7.8 
Honey Fungus 


The gold-colored honey fungus, Armillaria mellea, 
may live saprophytically in dead wood or parasitically 
in the cambial area of many conifer and deciduous 
tree species (Shigo 1989). According to Butin (1983) 
the transition to the parasitical phase is due to a weak- 
ness in the tree that is no longer capable of building up 
efficient barriers. Hyphae strands, the so-called rhi- 
zomorphs (Fig. 8.82), surround the entire stem, pro- 


ceeding at various speeds. Death occurs after 1 year 
or many years (Fig. 8.82), during or after the wood 
formation phase. The fungus causes a sudden growth 
reduction but hardly affects cell wall thickening. Often, 
the number of resin ducts increases (Fig. 8.83b). 


8.7.9 
The Death of Twigs on Fruit Trees 


Monilinia taxa infects the flowers of several Prunus 
species (Sinclair et al. 1987). Already 3-6 days after 
the infection, the flowers die and subsequently turn 
brown. As the fungus grows, the leaves fall, and of- 
ten the twigs die. Typically, gumlike substances are 
secreted. The fungal infection adversely affects the 
cambium and the underlying xylem. The secretion of 
gummy substances, tangentially arranged rows of gum 
ducts and calluslike cell formations are indications of 
the tree’s defense mechanism (Fig. 8.84). 


8.7.10 
Mistletoe 


Hundreds of mistletoe species, mainly from the Lo- 
ranthraceae, Eremoplepidaceae, Misedendraceae, Vis- 
caceae, Santalaceae and Scrophulariaceae families, live 
as parasites on conifers and deciduous trees (Luther 
and Becker 1987; Calvin and Wilson 1995). The de- 
velopment and the contact of the haustoria to the host 
have been studied in particular for the genera Phora- 


< Fig. 8.79. a Elms being killed by 
Ceratocystis ulmi over a period of 

5 years. The twigs died quickly (Shigo 
1989). b Several compartmentalized 
nuclei of infection in Ulmus americana. 
The first infection (large arrows) took 
place 5 years before the second one 
(small arrow) (Shigo 1989) 
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< Fig. 8.80. a Twig that died from Dutch elm disease in the 
spring. Birmensdorf, Switzerland (Ulmus glabra) (45:1). After 
a normal tree-ring series, in the last year only an earlywood 
pore ring formed, which had in part smaller pores than usual. 
b Branch that died from Dutch elm disease in late summer. 
Norwich, England (40:1). All the branches died at the end 

of the growing season. The last tree-ring’s growth increment 
is reduced in comparison with that of the previous year, and 
lignification is disrupted 


A Fig. 8.81. Last rings of trees that died from Dutch elm disease. Leuk, Wallis, Switzerland. a The tree survived the fungus attack 
for 3 years. The increasingly difficult water supply is reflected in decreasing pore size and the formation of tyloses (Ulmus glabra) 
(40:1). b Longer periods of the disease, which often lasts several years, gave rise to the formation of multiseriate bands that consist of 
tangentially flattened, small-lumened parenchyma cells. Phenolic secretions are only found in the parenchyma cells (100:1) 
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A Fig. 8.82. Rhizomorphs of the honey fungus Armillaria mel- 
lea, in the cambial area of a Scots pine, Pinus sylvestris, in Bir- 
mensdorf, Switzerland 


dendron, Arceutobium and Viscum (Tubeuf von Frei- 
herr 1923; Larson 1994; Hartmann 1994; Fig. 8.85). 
Although the anatomical bases for a reconstruction of 
the growth dynamics are known, only a few relevant 
dendochronological studies exist. 

Figures 8.86-8.89 illustrate how the dynamics of 
the symbiosis can be reconstructed from certain char- 
acteristics of host and parasite. The individuals’ ages 
cannot always be determined because many genera, 
for example, Viscum, even in seasonal climates, do 
not form any rings at all, or only very indistinct ones 
(Schweingruber 1990). Often, a plant’s age may be de- 
termined from the number of forked twiglets (Viscum 
album; Fig. 8.85a). In seasonal climates, the date a host 
was infested can be reconstructed to the season, on 
the basis of the position of the haustorium tip in the 
tree ring (Fig. 8.86). The haustorium’s time of death 
is indicated by the start of the overgrowing process 
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A Fig. 8.83. Growth reductions prior to death, due to an Ar- 
millaria mellea attack on the tree form of mountain pine, Pinus 
mugo. Swiss National Park (40:1). The duration of the growth 
reduction varies. (Material courtesy of V. Stockli) 


(Fig. 8.87), and the formation of the overgrowing tis- 
sue. As the haustorium’s vitality decreases, its width 
diminishes until it is completely replaced by xylem tis- 
sue. The moment the host plant loses its vitality can 
be determined from a sudden reduction in ring width 
(Fig. 8.87). 

Hypertroph growth combined with tissue changes, 
for example, hazelgrowth-like indentations (Fig. 8.88a), 
indistinct tree rings (Fig. 8.88b) and a change in fiber 
direction, is typical of mistletoe infestations. In all 
cases observed, mistletoe haustoria split up the host’s 
xylem tissue (Fig. 8.89). The parasite, however, does 
not normally provoke callus formation within the 
host. 
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< Fig. 8.84. Three-year-old twig of the sour cherry, Prunus cerasus, which died ow- 
ing to Monilinia taxa. Augustow, Poland (25:1). Tangential rows of gum ducts, vessels 


filled with gumlike substances and widened rays, similar to callus, are typical of the 
infection. The twig survived the entire growing season, but died at the beginning of 
the next one, after the first earlywood vessels had been formed 


A Fig. 8.85. a Mistletoe, Viscum album ssp. austriacum on a Scots pine branch, Pinus sylvestris, in Wallis, Switzerland. Every fork 
represents an annual growth increment. b Arceuthobium pusillum on Picea mariana. Lake Duparquet, Quebec, Canada 
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A Fig. 8.86. Dating a mistletoe infestation, based on the tip of 
the primary haustorium. Conifer mistletoe, Viscum album ssp. 
austriacum on Scots pine, Pinus sylvestris. Wallis, Switzerland 
(35:1). The haustorium contacted the host during the late sum- 
mer, about the beginning of August 
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A Fig. 8.87. Dating the moment of a haustorium’s death. Coni- 
fer mistletoe, Viscum album ssp. abietis, on silver fir, Abies alba. 
Riiderswil, Switzerland (2:1). The haustorium on the right died 
6years before and that on the left 3 years before the tree died. 
Death occurred contemporarily with growth reductions. The 
haustoria lived 16 and 11 years, respectively, locally stimulating 
the tree’s cambium to hypertroph growth 


A Fig. 8.88. Tissue changes caused by mistletoe infestation. a Conifer mistletoe, Arceuthobium sp., on Pinus ponderosa. Mt. Chir- 
icahua, Arizona, USA (25:1). The hazel-like indentations were caused by live or dead haustoria. b Conifer mistletoe, Arceuthobium 
sp., on Juniperus deppeana. Mt. Chiricahua, Arizona, USA (25:1). The beginning of the mistletoe infestation can be determined 
from tissue anomalies and hypertroph growth. c Conifer mistletoe, Arceuthobium pusillum, on Picea mariana. Lake Duparquet, 
Quebec, Canada (100:1). This very small mistletoe hardly disturbs the host’s tissue. The haustorium’s tissue is only recognizable by 


the ringlike thickening of the resin ducts’ parenchyma tissue walls 
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A Fig. 8.89. Tangential views of mistletoe haustoria in conifers. Arceuthobium sp. Mt. Chiricahua, Arizona, USA. a On Juniperus 
deppeana (100:1). b On Pinus ponderosa (25:1). Cell pressure, combined with the mistletoe’s high division rate, forced the tissue of 
the host plant apart 


CHAPTER 9 


9 Modification of the Tree-Ring Structure 
Due to Deformed Stems and Anastomosis 


9.1 
Natural Anastomosis 


In woody plants, tissue fusion may take place above 

or below the ground, owing to natural or man-made 

causes (Lim 1996). The following terms are used to de- 

scribe the phenomena: 

« Natural root fusion: root anastomosis, root fusion, 
natural root grafting. 

e Man-made tissue fusion: grafting. The base is called 
“stock; and the piece that is grafted onto the stock 

is the “scion.” 


The anatomy of natural anastomosis was extensively 
studied during the nineteenth century. Goppert (1846) 
was the first to discover root anastomosis. Franke 
(1883) described the anatomical characteristics of the 
fusion of aerial roots, as well as of ivy and hoya stems. 

Already by the end of the nineteenth century, Ktister 

(1899) had investigated all relevant anatomical pro- 

cesses of anastomosis. Artificially induced anastomo- 

sis, by grafting, was anatomically described mainly by 

Braun (1959). Various causes may lead to anastomosis 

(Franke 1883): 

e Plant parts, roots, stems and branches must exert 
pressure onto each other. 

e The parts of plants that are pressed close together 
must belong to the same species. 

e The tissues capable of division must touch each 
other. 

e Overgrown tissue and dying cambia alternate. The 
points exposed to the greatest pressure, according 
to Krabbe (1882) over 15 atm, die off. This leads to 
irregularly shaped stems (Fig. 9.1). 


9.1.1 
Phase One: the Effects of Pressure 


The phenomenon is quite common in nature and is 
closely related to the process of radial growth. The be- 
ginning of the change is clearly recognizable, though it 
may be dated only in individuals that form tree rings. 


e As diameter growth increases, close-standing stems, 
for example, long shoots from stumps or densely 
sown seedlings, produce dense cohorts that form 
irregular stem shapes (Fig. 9.1). 

e As the branches in the expanding tree crown in- 
crease in diameter, points of pressure form that of- 
ten lead to anastomosis (Figs. 9.2, 9.3). 

¢ Especially in tropical woodlands, lianas oppress the 
host tree or themselves. 

¢ Stranglers at first form densely growing tissue that 
anastomoses in time. 

¢ With increasing diameter growth, the roots of vari- 
ous individuals, or even of entire tree stands, op- 
press each other, and often anastomose (Fig. 9.4). 
According to Mattheck and Kubler (1995), this is 
a growth strategy aimed at ensuring the tree’s me- 
chanical stability. 


The stress from the pressure leads to structural 
changes: 
¢ Wood rays are redirected. By dating the year this 
redirection began, it is known when the pressure 
started, and from the intensity of the redirec- 
tion, the intensity of the event may be quantified 
(Fig. 9.5). 


A Fig. 9.1. Hazel stems (Corylus avellana) in a hedge, which 


oppress and deform each other 
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< Fig. 9.2. Ramification of two main sweet chestnut branches, 


Castanea sativa. Ticino, Switzerland. From the outside (a) and 
inside (b). In anastomosing stem ends of main branches, the 
fibers in the left and right branches “hook” into each other (b), 
thereby solving the problem of mechanical stability. This fiber 
arrangement is only visible in a longitudinal section, not in 
cross section. The beginning anastomosis is visible from the 
outside, by the scar on the bark (a) 


A Fig. 9.3. Development of two anastomosing main branches of a sweet chestnut As 


the stem diameter expanded, the pressure from the side increased. In the seventh year 
of life, a “bridge” formed (a). The bark of the two branches remained enclosed (b). On 
the outside, scars in the bark indicate an anastomosis (Fig. 9.2a) 
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A Fig. 9.4. Anastomosed Norway spruce roots (Picea abies) in 


the mountains. Calanca Valley, Switzerland. A large, mechani- 
cally stable root plate has formed by way of anastomosis, thus 
ensuring the tree's stability 


¢ Scarcely lignified tissue is compressed and dies off 
(Lim 1996; Fig. 9.6). 

e Tissue is “parenchymatized,” ie., the proportion of 
parenchymatous cells increases at the expense of 
that of prosenchymatous cells. This is often con- 
nected with a disorientation of the tissue. The phe- 
nomenon is particularly common in woodlands 
with winding plants. 

¢ Locally, the cambium dies off, and subsequently, ir- 
regular stem cross sections form (Fig. 9.7). 

e Resin and gum ducts are often a reaction to recip- 
rocal compression. 


9.1.2 
Phase Two: Fusion 


When cells capable of division come into contact with 
each other, anastomoses form. Epidermis with hair 
(Rao 1966) and parenchyma cells in bark and xylem 
are capable of division. As the area of greatest pressure 
is on the flattened side of stems, branches or roots, it 
is most likely that the bark will break open at these 
points, thereby leading to live tissue making contact. 
Tissue “bridges” (Fig. 9.3a) and, in time, a closed 
cambium ring (Fig. 9.3b) will form as a consequence 


A Fig. 9.5. Sudden directional changes in the tissue arrange- 
ment during dormancy. These bends can be dated dendrochro- 
nologically, thereby establishing the moment the event occurred. 
Large-leafed lime, Tilia platyphyllos. Ticino, Switzerland (25:1) 


of this contact. According to Rao (1966) and Kiister 
(1899), the remains of the bark are often squeezed out. 
This hypothesis is, however, still to be confirmed by 
observation. The points of contact mainly consist of 
parenchyma cells (Fig. 9.8). 


9.2 
The Ecological Importance of Natural 
Anastomosis 


Root anastomosis ensures the long-term survival of 
woodland stands, as single trees fuse into collectives. 
For this reason, Tschermak (1950) defined wood- 
lands as “life forms of organically connected groups 
of trees.” Especially Graham and Bormann (1966), as 
well as Fischer et al. (1960), confirmed in experiments 
that root anastomosis between different individu- 
als is important for the growth and transmission of 
pathogens. Very little is known about the natural oc- 
currence of anastomosis. When roots anchored to the 
ground increase in diameter, their live tissue is pressed 
together, which finally leads to an anatomical fusion. 
Root contact is favored by pressure, trampling or fall- 
ing branches, and also by friction, when trees swing 
from side to side during strong winds. According to 
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< Fig. 9.6. The lignified xylem of the host tree collapsed because of a winding plant. 
Young stem of a cinnamon tree, Cinnamomum glanduliferum, which was spirally 
overgrown by a Japanese honeysuckle, Lonicera japonica (excerpt from Fig. 9.7a). The 
tissue pressure of the winding plant (Lonicera) was greater than that of the host (Cin- 
namomum), which caused the xylem cells to collapse and to be pushed sideways. The 
phloem cells were able to withstand the pressure 


v Fig. 9.7. Overgrowing, tissue re-structuring and dying cambia as a result of re- 
ciprocal mechanical pressure. a A cinnamon tree, Cinnamomum glanduliferum, is 
overgrowing a winding plant, Lonicera japonica. Cultivar. Locarno, Ticino, Switzer- 
land (10.5:1). b Two main mistletoe branches (Amyema sp.), Alice Springs, Northern 
Territory, Australia (20:1), oppress each other at the base, causing structural changes, 
for example, directional changes of rays and of the fiber arrangement, as well as par- 


enchymatization 


Fischer et al. (1960), it is easy to induce the fusion of 
roots thicker than 3-mm diameter. However, very few 
anatomical studies have been carried out so far (Lar- 
son 1994). 


9.3 
Grafting 


Artificial anastomosis by grafting is used in particu- 
lar in fruit production and horticulture, more rarely 
in forestry; especially in the subfamily of the Pomoi- 


deae, the species boundaries are often crossed. The 
anatomy of the growing process was studied in par- 
ticular by Krenke (1933) for herbaceous plants, by 
Braun (1958, 1959, 1960) for poplars, by Dormling 
(1963) for Norway spruce (Picea abies) and Scots pine 
(Pinus sylvestris), by Barnett and Weatherhead Miller 
(1990) for Sitka spruce (Picea sitchensis) as well as by 
Goppert (1874) and Schmitthenner (1907) for fruit 
trees. After grafting, the first reaction to the injury is 
the formation of callus tissue, which starts from the 
stock. The live bark and xylem tissue is also active 
in this regeneration process. According to Dormling 
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A Fig. 9.8. Anastomosis of two coniferous main shoots (fork). 


Norway spruce, Picea abies. Birmensdorf, Switzerland (30:1). 
Live parenchyma cells contacted each other and anastomosed 
owing to their regenerated capacity of division. The point of 
contact consists of callous parenchyma cells. The tissue direc- 
tion reflects mechanical pressure 


(1963), the different tissues are capable of cell division 
to a varying degree. In the bark, this includes in par- 
ticular parenchymatous ground tissue, epithelial cells 
in resin ducts and the cells of bark rays. The cambium 
cells are also very capable of division. The parenchyma 
cells in the xylem can divide, but less well than those 
in the phloem. 
According to Braun (1959), in all poplar grafting 
types, the fusion follows the same pattern (Fig. 9.9): 
¢ Initially, the callus tissue originates in the cam- 
bium, in undifferentiated xylem cells and in the 
stock's bast cells close to the cambium. This forms a 
“bridge” between stock and scion. 
- After that, the scion tissue is activated to produce 
callus. 


A Fig. 9.9. Fusion of a graft on the side of a poplar twig. SA 
stock, SC scion, PU periderm, PB parenchyma “bridge” between 
stock and scion, C cambium of the stock that expands towards 
the scion’s tissue (arrow), CB complete cambium “bridge” be- 
tween stock and scion, X new xylem in the scion (Braun 1959). 
(From Larson 1994) 


¢ Finally, cambium cells form out of the callus, which 
restore the cambium ring between stock and scion. 
These new cambium cells stimulate the division of 
the parenchyma cells on the side (homoiogenetic 
induction). 


In Figs. 9.10-9.13, anastomosis in the grafting of 
scions on young stock is shown: callus at the points 
of cut and contact (Fig. 9.10); reaction to injuries 
(Fig. 9.11); growth after grafting (Fig. 9.12); identity 
and growth of the partners (Fig. 9.13). 

The examples in Figs. 9.10-9.13, and the phenom- 
ena described by Dormling (1963), clearly show that 
the anatomy of the points of contact is subject to great 
variability. 
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A Fig. 9.10. Callus formation after grafting, where the scion joins the young stock. Grafting took place in February 1992. a Wych 
elm. Ulmus glabra (160:1). b Cembran pine, Pinus cembra; above is the scion, below the stock (40:1). The hollows between scion and 
stock are filled with callus tissue. According to Dormling (1963), the callus cells mainly originated from the surrounding cambium 
and, more rarely, from rays (arrow in a). The cambia of scion and stock fused in b, before the beginning of the latewood formation 
(black arrow). Further on along the cut, the differentiation process went on into the following year (white arrow in b). The rays and 
tracheids have not yet reached their final shape and size 


A Fig. 9.11. Reaction to a disrupted nutrient supply, wound irritation and different mechanical stress. Silver fir, Abies alba, graft 
(100:1). During callus formation (not visible in the picture), the stock’s cell wall growth was reduced; the tracheid cells are thin- 
walled (arrow). When the lateral cambia of the partners fused, more or less distinct traumatic resin ducts formed. After that, the 
differentiation process was somewhat disrupted; the tracheids are irregularly shaped and not presented in well-arranged radial rows. 
The bent rays indicate that the mechanical stress triggered a new orientation of the tissue 
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A Fig. 9.12. Growth pattern after grafting. Silver fir, Abies alba (35:1). Grafting was carried out in the dormant season. Phase 1: 
callus formation. In the following growing season, intensive callus growth took place in the stock. The hollow between stock and 
scion was mainly filled by the stock's callus. The scion formed little callus; instead it reacted with the formation of a tangential row 
of resin ducts (left arrow). Phase 2: the cambia of the partners have fused along the side. There was accelerated growth above the cut 
in order to stabilize the mechanically endangered area. After that, a distinct latewood formed. As this quickly wedged on the side of 
the stock, it is not, however, certain whether this is a genuine tree ring. Phase 3: normal growth 


scion 


A Fig. 9.13. The identity of the grafting partners, and the growth pattern before and after grafting. The stock is at the left, the scion 
at the right. The material comes from a grafting trial in pots at the Research Institute for Woodland, Snow and Landscape, Birmens- 
dorf, Switzerland. Silver fir, Abies alba (10.5:1). A 1-year-old scion was grafted onto a 3-year-old stock. Stock and scion have very 
different pith shapes. Cambial contact already took place at the beginning of the earlywood formation (little, white arrows). Even the 
first tree ring is very wide (long, white arrow) and contains many density fluctuations. Growth is quite eccentric, favoring the side 
of the scion (bottom). After the cambium had formed a “bridge” between stock and scion, a tangential row of traumatic resin ducts 
formed. From the third year onwards, the tree rings surrounding the graft have about the same widths 


CHAPTER 10 


10 Modification of the Tree-Ring Structure 


Due to Wood Decay 


10.1 
Problems for Dendrochronology Because 
of Wood Decay 


The dendrochronologist is often confronted with the 

problem of wood decay: 

¢ In a living tree with a rotten stem center the year 
of germination and, hence the tree’s age, cannot be 
determined. If parts of the rotten center are still in 
position, according to Krusic (personal commu- 
nication), these can be stabilized by impregnating 
them with a wood glue before being dendrochro- 
nologically analyzed. 

¢ Brittle wood clogs up the stem corer und slows 
down the work. 

¢ Live wood produces discoloration along stem corer 
holes. 

¢ In stems affected by weathering and cambium-tun- 
neling insects, it is difficult to date the outermost 
tree ring, because it is difficult to recognize the 
waney edge (Fig. 10.20). 

¢ In an advanced state of decay, it is difficult to iden- 
tify the sapwood-heartwood border, either because 
of discoloration or because of decomposing insects. 

¢ In soft wood that has been kept under water, only 
the ring width and not the density may be ana- 
lyzed. 

¢ Deformed, compressed wood in geological strata 
was usually more or less decayed before being bur- 
ied. For this reason, the ring widths cannot be ana- 
lyzed dendrochronologically (Fig. 10.22). 

e Charred wood can be dendrochronologically dated 
but, because of its brittleness, presents consider- 
able problems during its retrieval and subsequent 
preparation (Figs. 10.25, 10.26). 


10.2 
Wood Decay Without Microorganisms 
(Abiotic Decomposition) 


Light-colored wood turns brown when it is exposed to 
the sun. This is due to a photochemical process during 


which ultraviolet rays delignify the wood (Fig. 10.1). 
Erosion from water and wind action causes a rough 
surface. Since ultraviolet rays penetrate specifically 
light earlywood, or specifically heavy latewood, to dif- 
ferent depths (Fig. 10.2), wavy, relieflike weathering 
structures form, which, with a little care, may be inter- 
preted as density profiles. 

Furthermore, mold grows on the weathered, gray, 
undulating surface of outside wooden constructions 
(Fig. 10.3). 


10.3 
Wood Decay Due to Microorganisms 


10.3.1 
The Biology of Wood Decay Due 
to Microorganisms 


My summary on wood decay derives from Baven- 
damm (1951), Blanchette and Biggs (1992), Bu- 
tin (1996), T. Hartig (1878), Kim and Singh (2000), 
Rypaceck (1966), Schmidt (1994), Schwarze (1995), 
Schwarze et al. (1999) and Sutter (1986). 

Fungi, insects and, outdoors, ultraviolet rays de- 
compose wood (Sect. 10.2). Initial phases of wood 
decay under anaerobic conditions and incipient decay 
represent a purely wood-physiological process, dur- 
ing which parenchymatous cells produce phenolic 
substances (Fig. 10.4) and, owing to enlargement of 
their walls, tyloses form in neighboring vessels. Sub- 
sequently, a brown discoloration occurs. 

Once the phenolic substances, present in barrier 
zones (Sect. 8.4.2) or decaying wood, have been se- 
creted, they subsist for a long time throughout the de- 
caying process. Even almost “skeletal” wood still con- 
tains sphere-shaped phenolic substances. 

The following organisms settle in, and decompose, 
wood (after Sutter 1986, plus additions): 
¢ Bacteria, types with bacillary and filelike (Actino- 

mycetacae) cells: anaerobic decay under water 
¢ Green algae and mold 
e Ascomycetes and basidiomycetes: aerobic decay 
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< Fig. 10.1. Naturally weathered latewood cells on the exposed 
part of coniferous wood. The cells most exposed to weathering 
were delignified by ultraviolet radiation (light cell walls) (Sell 
and Leukens 1971) 


A Fig. 10.2. Weathered profile at the end of a conifer beam. The wood degraded because of ultraviolet radiation; the profile origi- 
nated from mechanical weathering (wind, water) 


5 ei EA 


4, ER ace basen Sele So 


A Fig. 10.3. Mold hyphae (Myxotrichum chartarum). The hy- Fig. 10.4. Phenolic substances (dark, sphere-shaped sub- 
phae colonize the wood and turn it gray, but they do not decom- _ stances) in the ray cells of ash wood that has been extensively 
pose it (120:1) (Sutter 1986) decomposed by white rot fungi (400:1) 
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* Wood discoloration: blue stain 
¢ Wood decomposition: soft rot fungi; brown rot 
fungi; white rot fungi 


In specific literature, many other terms are used, 
which, however, fall into one of the groups mentioned 
in the following list: 

e Stem, root, heartwood and wound rot are caused by 
decomposing fungi in live trees (Butin and Zycha 
1973). 

¢ Storage rot: fungi that decompose the wood (white 
rot and brown rot) of felled trees. 

e Brown rot and red rot. 

¢ Pocket rot, white rot. 

e Dry rot: brown rot. 

e Red stain: Stereum species. 

¢ Red rot: Heterobasidion annosum. 

¢ Green mold: Chlorosplenum aerugenascens. 

e Wood becomes moldy, rots or becomes brittle: de- 
cay caused by decomposing fungi. 


10.3.2 
Organisms That Live in Wood Seen Under 
the Microscope 


Generally, bacteria (Fig. 10.5) and fungi colonize 
wood. Many fungi and, under certain conditions, 
also bacteria (Fink 1999) are capable of decompos- 
ing wood by “tunnelling, erosion and cavitation” (Kim 
and Sing 2000) In wood-anatomical dendrochronol- 
ogy, individual hyphae (Figs. 10.6, 10.7) and mycelia 
(networks of hyphae) are often encountered. Figures 
10.6-10.8 illustrate a few examples of many different 
forms of hyphae. 


10.3.3 
Fungal Infestation and Decomposition 
of Wood 


10.3.3.1 
Blue Stain 


Blue stain fungi only resorb cell contents; hence, the 
wood retains its natural solidity, but becomes discol- 
ored. Dark brown blue stain fungi - ascomycetes and 
deuteromycetes — infest pines in particular, causing ra- 
dial, blue-black stripes in the cross section (Fig. 10.8). 
Hyphae infiltrate the pits by mechanical pressure 
(Fig. 10.7a). On sawn planks (blue stain on untreated 
wood), especially Cladiosporum species, and below 
layers of paint (blue stain on treated wood) Aureobasi- 


dium pullulans, are found. Ophiostoma picae and Dis- 
cula pinicola are also common. 

Secondary blue stain is found in construction tim- 
ber exposed to the elements, for example, on outside 
walls. 


10.3.3.2 
Red Stain 


Red stain fungi are slow-growing basidiomycetes, in 
particular Heterobasidon annosum, that, in the early 
phase, give rise to reddish, radial spots on the trans- 
versal section of conifers, but hardly cause any loss of 
wood solidity (Schmidt 1994). 


10.3.3.3 
White Rot 


White rot - nearly always caused by basidiomycetes - 
decomposes deciduous or coniferous wood outdoors; 
it only attacks rarely construction timber in buildings. 
White rot rapidly causes severe loss of wood solidity; 
two white rot types may be distinguished: 

1. Simultaneous white rot (Figs. 10.9, 10.10) reduces 
wood to hemicellulose, cellulose and lignin. This 
group includes tinder fungus (Fomes fomentarius) 
and Turkey tail (Trametes versicolor) 

2. Successive white rot (Figs. 10.11-10.13) decomposes 
lignin in particular. An example is red rot (Hetero- 
basidion annosum) in Norway spruce and other co- 
nifers. 


The demarcation zones of neighboring mycelia, are 
shown and described in Fig. 8.44 and in Sect. 8.4.3. 


10.3.3. 
Brown Rot 


Brown rot fungi are basidiomycetes. They preferably 
decompose the wood of live conifers, wood stacked 
up outside and construction timber in buildings. 
They decompose cellulose and hemicellulose, leav- 
ing the lignin behind almost unaltered. In dry wood, 
the cubelike fractures are visible with the naked eye; 
these, and the brown color of the wood that derives 
from the lignin, are characteristics of the fungus. In 
the late phase, the wood crumbles to a brown powder. 
Like white rot, brown rot grows in cell hollows and 
decomposes the cell walls from there, at first prob- 
ably via low molecular agents as well as enzymatically 
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A Fig. 10.5. a Matchlike bacteria (B) in a tracheid bordered pit in pine sapwood that has been kept in wet conditions. Bacterial 
enzymes separated the margo from the torus (T) (3500:1) (Schmidt 1994). b Matchlike bacteria on the tertiary wall of tracheids in a 
pine post from the Neolithic lakeshore dwelling Auvernier, Switzerland. Bacterial enzymes decomposed the secondary wall (1000:1) 
(Schweingruber 1976) 


< Fig. 10.6. Hyphae from a basidiomycete that causes white 
rot, in a very much decayed ash branch that lay on the wood- 
land floor. The hyphae penetrate enzymatically any part of the 
cell wall. The dense network of hyphae is mostly colorless, but 
can be made visible under the microscope by coloring (e.g., 
safranin and aniline blue). Such hyphae may be found in any 
dead piece of wood on the woodland floor (250:1) 
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A Fig. 10.7. Hyphae from a blue stain fungus in pine sapwood. Blue stain hyphae are notably thick and dark brown, which makes 
them visible under the microscope without coloring. a The hyphae mainly occur in rays and in wide-lumened axial tracheids. They 
usually penetrate ray pits and the bordered pits of tracheids (400:1). b The form and shape of the hyphae are visible in cross section: 
the small, dark dots are axially oriented hyphae. In demarcation lines, mainly in not very permeable latewood zones, often clamydo- 
spores form. Rays that appear dark are densely infiltrated by hyphae (400:1). See also Sect. 8.4.3 


< Fig. 10.8. Part of a stem with blue stain in cross section and 
in tangential section (Butin and Zycha 1973) 


A Fig. 10.9. Simultaneous white rot. The cell walls dissolved as in caries (Rypacek 1966) 
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A Fig. 10.10. Simultaneous white rot. a Healthy beech wood, Fagus sylvatica (350:1). b Beech wood that has been decomposed by 
simultaneous white rot. The wood has lost about 50% of its original weight and 80% of its solidity. Locally, the ground tissue cell 
walls have been affected enzymatically (arrow) (350:1). (Preparation courtesy of O. Schmidt) 
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A Fig. 10.11. Successive white rot. Cell wall decay starts from A Fig. 10.12. Successive white rot. Pocket white rot fungi dis- 

the lumen and mainly destroys the secondary wall. (From _ solve the wood by creating holes. The different wood densities 

Rypacek 1966) within the tree ring hardly affect the decomposition process. 
Cembran pine, Pinus cembra (25:1) 
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A Fig. 10.13. Successive white rot. a Ash wood (Fraxinus excelsior) is decomposed zone by zone by successive white rot fungi. Above 
the arrow, the secondary fiber walls are more or less decayed; the cells are skeletal. Lower down, the decomposition process is not so 
advanced (350:1). b Successive white rot fungi delignify the cell walls selectively. In the early phase, the red rot fungus Heterobasi- 
dion annosum decomposes the latewood cell walls of larch trees (Larix sp.) from the lumen side. The delignified areas appear dark 
(150:1). (Preparation courtesy of O. Schmidt) 


A Fig. 10.14. Larch wood, decomposed by brown rot fungi, that comes from the outside wall of a building. The radial fractures in 
the secondary walls of the latewood cells are typical (350:1). a Advanced phase of decomposition in the latewood. b Final phase. The 
tracheid walls break up into little cubes. The last tree ring is not datable in such a sample 
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A Fig. 10.15. The growth of soft rot fungi. The secondary wall is 
decomposed continuously. The tertiary wall, the central lamella/ 


primary wall and, hence, the wood structure remain intact for a 
long time (Rypacek 1966) 


(Fig. 10.14). The most well-known wood fungus on 
the inside of buildings is the dry rot fungus (Serpula 
lacrymans). 


10.3.3.5 
Soft Rot 


Soft rot fungi belong to the ascomycetes and deutero- 
mycetes and, in contrast to white and brown rot fungi, 
they grow in the cell walls (Fig. 10.15). In cross section, 
holes are visible in the secondary wall (Fig. 10.16a). 
Later, the secondary wall collapses and separates from 
the primary wall (Fig. 10.16b). 

Soft rot fungi mainly grow in permanently wet 
wood surrounded by soil or air, for example, in fence 
posts or in cooling towers with very humid air. They 
are able to survive a dry period and grow in water- 
saturated conditions. All parts of the wood become 
decomposed. Under wet conditions, the surface of af- 
fected wood is dark, moldy and soft; when the wood is 
dry, it breaks up into cubes. The surfaces of most coni- 
fer stems found in moraines in the Alps are colonized 


A Fig. 10.16. Subfossil larch wood stem (Larix decidua) from 
a moraine of the Alalin Glacier, in the Wallis. In wet and cold 
site conditions, soft rot fungi decomposed the secondary and 
primary walls. In the first phase (a), singular hyphae penetrate 
the latewood secondary wall. In the second phase, the second- 
ary walls have been more or less degraded, and they separate 
from the primary wall. In the final phase (b), the latewood is 
nearly “skeletal.” Almost only the primary walls remain. a 350:1, 
b 180:1 


by soft rot fungi. Causative agents are Chaetonium 
globosum and Paecilomuces. As in brown rot, cellulose 
and hemicellulose are decomposed. The lignin is gen- 
erally left behind with only slight alterations. 


10.4 
Wood Decay in the Absence of Oxygen 
(Anaerobic Conditions) 


10.4.1 
Decay in the Living Stem 


Ina living stem, bacteria mainly cause wetwood in var- 
ious species, but also in beech facultative heartwood 
(Fig. 10.17). Normally it is induced by broken-off 
braches. Wetwood often arises after injuries. Pit cham- 
bers of bordered pits contain bacteria that damage the 
pit mechanism, whereas their metabolism creates a 
bad smell (among others butyric acid). Furthermore, 
often some discoloration occurs. The mechanical 
solidity of the wood, however, remains unchanged 
(Schmidt and Mehringer 1989; Fig. 10.17). 
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A Fig. 10.17. Beech facultative heartwood, a discoloration 
found in live stems that is caused by bacteria. The tree-ring 


boundaries do not form a tangential compartmentalization 
boundary (Braun 1982) 


10.4.2 
Decay Under Water 


Under oxygen-poor to oxygen-free conditions, wood 
in salt water or fresh water may be decomposed very 
quickly by bacteria that tunnel, make cavities or erode 
the cell wall and destroy the pits (Singh and Butcher 
1991; Singh et al. 1998). 

Construction timber from archaeological lakeshore 
or moorland settlements, and wood found in river and 
lake sediments quickly change color. The black color 
of oak heartwood is very well known; it forms owing 
to the oxidation of phenolic cell deposits. 

In the first stage, the secondary walls swell up, and 
later the wood tissue is degraded in a mosaic-like 
fashion. In the final stage, a tissue made up of primary 
walls remains. Generally, it cannot be determined 
which organisms in particular were responsible for the 
decomposition. The decaying process is documented 
in Fig. 10.18. 


10.4.3 
The Conservation of Wet Wood 


Archaeological wet wood often represents valuable 
cultural objects; however, the secondary walls decay 
very quickly, deforming the item and destroying its 
value. Several conservation methods are employed to 
maintain at least the original cell form, or rather the 
object's shape. In this way, its tree-ring widths and 
structure may be analyzed even after the wood has 


dried out. With regard to the conservation of the cell 
structure, the different procedures employed are of 
variable quality (Schweingruber 1978; Fig. 10.19). 


10.5 
Wood Decay Due to Insects 


Almost every dendrochronological study aims to date 
the waney edge. As insects decompose living, wet or 
dead and dry wood, especially sapwood, dendrochro- 
nological dating is often difficult. The larvae of species 
that live in the cambium, bark beetles and cambium 
miners, locally destroy the waney edge with their gal- 
leries (Dean and Warren 1983). In this case, dating 
to the season is only possible in large cross sections, 
rarely in stem cores (Figs. 10.20, 10.21). 

Dendrochronological dating is especially difficult 
when the entire sapwood has been destroyed by insect 
larvae (Baillie 1982). 


10.6 
Mechanical Wood Deformation 


In geological strata of all times, often in brown coal 
and Pleistocene glacial deposits, strongly compressed 
wood can be found (lignite) (Fig. 10.22). Stems that 
before being buried had lost their mechanical solid- 
ity because of anaerobic decomposition under water, 
become completely compressed within the sediments, 
losing their wood-anatomical structure, which is im- 
portant for wood identification (Fig. 10.22c). The pres- 
sure the wood was exposed to can be reconstructed 
from the folds in the wood rays. 

The soft earlywood zones were folded; within the 
latewood area, the anatomical structure has remained 
more or less intact (Fig. 10.22b). 


10.7 
Fossilization and Mineralization of Wood 


Knowledge regarding the development of plants, and 
especially of woody plants, depends to a large extent 
on the fact that, during the decomposition of wood, 
mineral substances, such as silicon dioxide and cal- 
cium carbonate, accumulate in the wood, filling up cell 
walls and hollows (Weise 1994; Selmeier 1997). Dur- 
ing this fossilization process, organic matter is sub- 
stituted by mineral substances. According to Miiller- 
Stoll (1951), “At the same time, the wood remains are 
transformed into a very resistant form, in which even 
delicate, inner structures remain virtually unchanged.” 
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A Fig. 10.18. Silver fir wood (Abies alba) that has lain in calcareous mud in fresh water for 4,000 years. The mosaic-like decom- 
position is typical. a All cell walls are swollen, and some are already in the process of decomposition (black) (220:1). b Advanced 


decomposition in several stages. Some tracheids, especially the last latewood cells, have not decayed. Many are in a colloidal phase 


(arrow), and some have separated from the primary walls (350:1). c In the final phase of decomposition, the wood only consists of 


the middle lamella and primary walls 


Often, petrification occurs at low temperatures. There- 
fore, on the basis of the silicified structure, the degree 
of conservation of the wood before petrification may 
be reconstructed (Fig. 10.23). 

In theory, petrified stems can be dated dendrochro- 
nologically (Creber and Chaloner 1987). Yet, only few 
authors have managed to cross-date individuals and to 
average them in a floating chronology (Gregory 1992). 

When archaeological wood samples have been lo- 
cated close to metallic objects, metallic salts or iron 
oxide are deposited along the cell walls, which con- 
serve the structure of the wood, though not that of the 
cell walls (Fig. 10.24). 

Mineralized samples are always very small, and may 
be used for species determination but not for dendro- 
chronological studies. 


10.8 
Carbonization 


From a dendrochronological point of view, charcoal 
is important in particular in arid areas. Archaeologi- 
cal settlements, as well as historical buildings, may 
be dated with charcoal. The most famous example is 


specimen (H.H.39 = Hargrave and Hauri) from the 
Showlow settlement, which was used by Douglass in 
1929 (Douglass 1935) to date many western Ameri- 
can cliff dwellings. A considerable part of the Aegean 
chronology is based on charcoal material (Kuniholm 
1995). During the carbonization of wood, physical and 
chemical processes occur that give rise to a change in 
cell wall dimension. The wood’s microstructure, how- 
ever, apart from a few changes, remains unaltered 
(Fig. 10.25). Gradual changes may be expected, de- 
pending on the wood species, its chemical and physical 
characteristics, sample size, as well as on the intensity 
and dynamics of the combustion. With a loss of weight 
of 70-80%, charcoal pieces shrink 7-13% in length 
and 12-25% radially and tangentially. In charcoal, cell 
wall thickness is reduced to between one fifth and a 
quarter of its original thickness (Couvert 1970a, b). If 
combustion is fast, and wet wood is brought to a great 
heat, sometimes slaggy, blisterlike, blown-up particles 
form that only locally still contain remains of the orig- 
inal structure. Very often, cracks and tissue deforma- 
tions occur that, at a superficial glance, may be taken 
for pores or resin ducts (Fig. 10.26). However, the tree 
species can normally be determined without problems 
(Schweingruber 1978). 
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A Fig. 10.19. Scanning electron microscope photographs of latewood cells from Bronze Age silver fir posts (Abies alba), from the 
Neolithic settlement Auvernier, Neuenburg, Switzerland, that were conserved after water-logging (about 2,000:1). Various con- 


servation techniques had different effects on cell wall structure (Braker et al. 1979). a Air-dried sample: the strongly decayed cell 
walls disappeared during the drying-out process. The cell structures remained unchanged, those of the cell walls were mostly lost; 
primary and secondary walls are hardly distinguishable anymore. b Alcohol-ether-resin: every anatomical detail is recognizable. 
The hollows in the secondary walls are still present, and the secondary walls that have separated from the primary walls did not 
collapse. Owing to a slow exchange of water, alcohol and ether, the anatomical characteristics of the decayed wood remained un- 
changed. c Freeze-drying: the cell shape, though not the cell wall structure, remained intact. The secondary walls shrank, becoming 
an unstructured mass 


248 Modification of the Tree-Ring Structure Due to Wood Decay 


A Fig. 10.20. Waney edge of standing trees, infested by cambium-mining insects, often bark beetles. The accuracy of dating the 


waney edge varies. Generally, hard wood structures, such as the latewood zone, do not resist gnawing. a Galleries made by cambium 
miners between bark and xylem in a Spanish broom (Spartium junceum). The waney edge is still visible near the tunnels. b The 
waney edge can be determined with certainty. Norway spruce, Picea abies. Birmensdorf, Switzerland (25:1). c The waney edge can 
be determined with certainty. Sycamore, Acer pseudoplatanus. Birmensdorf, Switzerland (18:1) 
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A Fig. 10.21. Galleries of wood-decomposing insect larvae. These only cause problems for dendrochronological dating if they are 
so dense that the wood — usually the sapwood - loses its stability. a Galleries in a standing Spanish broom stem, Spartium junceum. 
Vesime, Piedmont, Italy (20:1). b Large galleries in the sapwood of a mediaeval oak beam. Zurich, Switzerland (20:1). It should be 
noted that in oaks the firm rays are often not attacked by insects 
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A Fig. 10.22. Compressed wood. a Compressed wood of a Permian Araucaria wood (Araucarioxylon allanii, syn. Dadoxylon allani) 
from the southeast of the Antarctic (Victoria Land) (20:1). Under severe pressure, the earlywood zones were folded up in a zigzag 
fashion (Selmeier 1997). b Holocene spruce wood, Picea abies, from the Alps. Mattmark, Wallis, Switzerland (200:1). As the glacier 
advanced, the stem ended up in the moraine that was later covered by ice. High pressure caused the earlywood cells to collapse. 
c Pleistocene birch wood, Betula sp., from Rissian glacial deposits near Thun, Switzerland (450:1). A several hundred meters thick 
layer of ice compressed the wood structure, which is recognizable from the rays, into a zigzag pattern. All the vessels collapsed. The 
amount of pressure may be reconstructed on the basis of the folded rays. Owing to anaerobic decomposition (coalification), the 
anatomical cell wall structure was mostly lost 
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< Fig. 10.23. Petrified coniferous wood from volcanic deposits 
in Sicily. The wood was very much decayed already before 

the petrification, as the secondary walls in the latewood have 
disappeared. Only primary and tertiary walls are left (rings in 
the tracheids) (110:1). (Photo by I. Kalin) 


< Fig. 10.24. Early Bronze Age oak wood (Quercus sp.) that 
is saturated with copper salts (220:1). The salt that came from a 
bronze axe was deposited in all cell walls and has stabilized the 
wood. The large vessel, the uniseriate rays and the tangential, 
parenchymatous bands are important for analysis. (Photo by 
W. Schoch) 
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A Fig. 10.25. The cell structures are deformed owing to carbonization. Neolithic settlement near Lake Burgaschi South, Switzer- 
land. a Radial cracks along the late rays and between the early rays. Abies alba (40:1). b Carbonized birch wood, Betula sp., from a 
Neolithic site near Auvernier, Neuenburg, Switzerland. The transformation from wood to charcoal was perfect, and all anatomical 
details remained intact. Despite cell wall shrinkage, the tree-ring boundaries remain perfectly visible (250:1) 
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A Fig. 10.26. Carbonized beech wood (Fagus sylvatica) (2:1). When the combustion temperature is low, the rays in wet wood are 
blown up. (From Schlapfer and Brown 1948) 
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11 Conclusions 


Wood and xylem are identical terms 


The first is an expression of an anthropogenic view, the 
second is a proper botanical term. If we neglect plant 
size and age and the amount of “wood” in stems, the 
xylem in very little annual herbs and in huge trees ap- 
pears as an evolutionary unit. I do not see any reason 
why we have to concentrate our scientific efforts just 
on wood of trees. 


Every taxon has a genetic, a morphological 
and a wood-anatomical identity 


Generations of researchers have determined the main 
elements of wood-anatomical classification on the 
basis of stem wood. The stem wood of nearly all tree 
species, but only of a small proportion of the existing 
shrub and dwarf shrub species, has been described. By 
contrast, the anatomy of the short stem axes of herba- 
ceous plants as well as the individual internal variabil- 
ity are hardly considered. 


The wood-anatomical structure results from cell 
division, cell expansion and elongation, tissue 
differentiation and lignification 


Annual rings, or growth zones, are characterized by 

the number, size and type of cells, the arrangement of 

cell types, as well as their wall structure and thickness. 
The wood-anatomical structure consists of three 

functional types: 

1. Mainly of water-conducting type, especially vessels 
and tracheids 

2. Mainly of assimilate-storing type, especially axial 
parenchyma and wood ray cells 

3. Mainly of supporting types, especially longitudinal 
elements with thick cell walls, i.e., libriform fibers 


Every taxon has an structural plasticity 


This fact is summarized under the terms “ecological 
wood anatomy” and “ecophyletic wood anatomy.” The 
first expresses structural variations within a taxon re- 
lated to local physiological and mechanical influences 
and the second wood-anatomical similarities in trees 
of communities in large climatic regions. 


Every xylem cell reflects physiological and 
mechanical forces that operate at a very small 
scale 


Every plant has a guiding hormone system that trig- 
gers its nutrient transfer and passes information on 
to a living cell, regarding its development under the 
given circumstances. For this reason, there is great 
structural variability within individuals. 

Stem wood reflects mechanically stable conditions. 
Genetic differences between taxa are, therefore, most 
easily distinguished in the stem wood. Stem wood 
anatomy is mainly influenced by the considerable wa- 
ter flow from roots to crown and great, mainly static, 
mechanical forces. 

Root wood is subject to great anatomical variabil- 
ity because of the extremely variable environmental 
conditions in the ground. Genetic differences between 
taxa are only recognizable, if at all, from cell wall 
structures. Root wood is mainly influenced by an am- 
ple water flow and very variable forces of tension. 

The wood anatomy of branches and twigs reflects 
suddenly changing physiological conditions and me- 
chanical forces. Their relatively small vessels - in re- 
lation to the stem - indicate a fairly low water flow. 
Genetic differences between the taxa are easily recog- 
nizable in branches and twigs that are not very me- 
chanically stressed. Important taxonomic characteris- 
tics seem to be in the structure of the pith. 

The wood-anatomical differences between stems, 
roots and twigs within individuals are not genetically 
predetermined. When roots are exposed, they adopt 
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stem structures, whereas twigs that are buried in the 
ground take on root structure, and mechanically un- 
stressed, hanging twigs do not differ from mechani- 
cally unstressed roots. In each case, however, the anat- 
omy is adapted to the morphology of the whole plant. 


The anatomy of annual-ring' boundaries is 
genetically predisposed only in the widest sense 


The stem-wood-defining terms are subject to consid- 
erable modifications. Lack of light and nutrients, for 
example, transforms ring-porous into poreless wood; 
ample water supply in the root area changes ring-po- 
rous to diffuse-porous wood. Without mechanical 
stress, conifers that normally display very distinct late- 
wood produce hardly discernible latewood zones. 


The annual demarcation of wood-anatomical 
structures, i.e., the formation of annual rings, 
is mainly due to seasonal climatic changes 


Annual-ring formation is not genetically predeter- 

mined. 

¢ To a limited extent, it is influenced by changes in 
day length. 

e In temperate and boreal zones, annual rings mainly 
reflect seasonal differences in temperature (sum- 
mer/winter). 

¢ In arid areas, or during periodical droughts in tem- 
perate zones, lack of water leads to the formation 
of intra-annual structures similar to annual rings; 
often these are “rainy season rings.” 

e On normally drained soils in the tropics, only 
sensitive species form annual rings with distinct 
boundaries. Most species have growth zones with 
indistinct boundaries. 

¢ For genetic reasons, some species do not form ana- 
tomically identifiable annual-ring boundaries even 
in seasonal climates, for example many herbs of 
the Chenopodiaceae and the semiparasite Viscum 
album. 


“Annual” rings incorporate the influence of time pe- 
riods of varying lengths. In extremely cold locations, 
an annual ring may form within 1 month, in subtropi- 
cal sites over 10 months. 


1 Since “tree rings.’ occur in trees, shrubs, dwarf shrubs and herbs, 


I prefer the term “annual ring.” 


Ring formation is not linear in time. Early wood 
formation takes place in a few days to weeks, whereas 
latewood is a result of a process lasting months. 


The retrospective absolute dating of growth 
zones is only possibly by dendrochronological 
cross-dating 


In this way, genuine annual rings, false rings, density 
fluctuations and growth zones may be defined as such, 
and missing rings can be located. The real age of shoots, 
whether arising from sexual or vegetative reproduc- 
tion, can only be determined from samples taken near 
the germination stem or from the transition area be- 
tween original and new tissue. In herbaceous plants, 
dwarf shrubs and shrubs with taproots, the real age 
can be determined by counting the rings on the root 
collar. In older plants with rhizomes, only the age of 
the oldest conserved tissue can be determined. 


Long-term deficiencies influence all annual-ring 
formation processes 


The results are long-term growth reductions, missing 
rings and latewood zones, an increased proportion of 
excretion canals, a reduced proportion of vessels, as 
well as thin and scarcely lignified ground tissue cells. 


Short-term periodical and aperiodical 
ecophysiological and mechanical changes are 
registered within the intra-annual ring structure 


These are generally recognizable by the proportion of 
earlywood and latewood, density fluctuations, tan- 
gential rows of vessels and excretion canals, as well as 
different fiber thickness. Short-term changes may also 
cause long-term changes in growth, for example, a 
winter frost may cause a sudden growth reduction. 


Reactions of woody plants to environmental 
influences 


e Geotrophic forces have a specific effect. Individu- 
als react to positional changes by eccentric stem 
growth; conifers produce compression wood and 
some dicotyledonous plants form tension wood. 

¢ Injuries and some pathogens have a specific effect. 
Live, unlignified cells collapse, for example, ow- 
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ing to frost, extreme water tension and mechanical 
injuries. The irritation from a wound gives rise to 
dilatations, resin canals as well as to the formation 
of phenols and callus cells. 

¢ Temperature, precipitation and nutrient content 
have unspecific effects. An optimal combination 
of these factors produces large plants whose xylem 
has many large cells. If one or more factors are in- 
sufficient, this leads to dwarfed growth, for example, 
owing to lack of light in the shade of tall trees, cold 
soil on permafrost sites, very drained soils on steep 
slopes, and nutrient-poor peat soils. All xylem- 
forming processes are affected and, in particular, 
differentiation. In general, however, Ciamporova 
and Mistrik’s (1991) statement applies, “neither the 
individual organelles nor the cells develop a specific 
response to any of the studied types of stress.” 

¢ Defoliation and pollarding have unspecific effects. 
The xylem produced after the event reflects a miss- 
ing hormone system responsible for cell differentia- 
tion, a disrupted water regime and newly formed 
shoots (pore characteristics), as well as nutrient de- 
ficiency (no cell wall thickening). 


The metabolism of all plants is subject 
to economical principles 


In times of deficiency, the formation of an assimilation 
system and of water-conducting vessels has absolute 
priority; the storage of reserves comes second, and the 
formation of stabilizing elements third. This occurs 
especially after extreme events, when the assimilation 
system has been destroyed, for example, by defoliation, 
pollarding, drought or frost. The formation of new 
shoots and new water-conducting elements in the xy- 
lem has priority; wood production comes last. 

These economical principles also apply when a 
stem is injured: the isolation of the wound (barrier 
zones) has absolute priority, then comes overgrowing 
the open part (callus margin) and finally stabilization 
on the opposite side of the wound (reduced wood pro- 
duction). 


Ageing processes influence the wood-anatomical 
structure 


This is clearly seen in the early stages of growth, when 
primary xylem is transformed into secondary xylem. 
The effects of ageing on the structure of secondary xy- 
lem are difficult to ascertain and, hence, have hardly 


been studied. As ageing processes are affected by ex- 
ternal influences, for lack of a better definition, the 
terms “juvenile” and “adult wood” are used. Only in 
rare cases, juvenile and adult xylem may be recog- 
nized with certainty on the basis of qualitative charac- 
teristics, such as the terminal fiber group in Carpinus. 


The distribution of microorganisms is avoided, 
or limited, by the formation of cork 
and a compartmentalization system 


The scars caused by fallen needles, leaves, flowers or 
twigs are isolated towards the outside by a cork layer 
(abscission). The distribution of microorganisms, 
which originate from open wounds in the area of 
live cells (phloem, cambium, xylem), is prevented by 
chemical barriers (compartmentalization). The physi- 
ological functioning, and the mechanical stability of 
xylem and phloem, is resumed over the following 
years by callus tissue formation and by overgrowing 
the microbe-affected tissue. These mechanisms permit 
a long life span. 


The life span of vegetative organs is limited 


Apart from the genetically predetermined maximum 
life span of cells, tissues, organs and individuals, in- 
ternal and external site conditions and regeneration 
mechanisms modify the actual life span. On the ba- 
sis of annual rings or callus margins, the life span of 
shoots, leaves, needles and twigs can be determined. 

Good environmental conditions, such as long, hu- 
mid and warm growing seasons, increase the longev- 
ity of leaves, but reduce that of conifer needles and 
shoots. 

Bad environmental conditions, especially a cold 
and dry climate and reduced quantities of light, in- 
crease the longevity of needles and individuals. 

Extreme events, such as drought, frost and injury, 
favor the vegetative regeneration capacity. At the same 
time, organs with juvenile tissue, such as latent and 
adventitious buds, originate from adult meristems 
and living parenchymatic cells. The dying phase of 
a shoot cannot necessarily be ascertained from the 
wood structure. Almost open remains the question of 
what restricts plant age (Schweingruber and Poschlod 
2005). 
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The anatomy of decomposing structures is 
related to physical and biological processes 


Organisms decompose cell walls in different ways. For 
this reason, the species group of the destroying organ- 
isms, and their living conditions, may be reconstructed 
on the basis of anatomical structures. 


Wood-anatomical structures that are dated to the 
season provide the key for: 


e A reconstruction of environmental conditions in 
the past 

e A comparison of today’s environmental condi- 
tions with those of the past, thousands of years 
ago 

e An understanding of the dynamics of physiologi- 
cal processes in woody plants 

e An understanding of the dynamics in plant asso- 
ciations 
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